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FOREWORD 


As  this  global  war  progresses,  it  becomes  more  and  more 
evident  that  production  of  food  and-  other  crops  is  vital  to 
Victory  and  to  the  Peace  that  is  to  follow..  .  All,  available 
land  of  high  fertility  should  be  used  for,  -crop  production 
and,  through  good  farm  management  -and  soil  and  water  con-  .. 
servation,  made  to  produce  as  intensively  as  possible. 
The  amount  of  this  class  of  land  is  large,  but  in  view  of  . 
the  expected  need  for  crops,  it  is  not  large  enough. 
Quality  of  land  is  now  more  important  than  quantity,  be- 
cause quality  land  can  produce  more  with  less  manpower, 
less  equipment,  and  less  fertilizer.    Bottomlands  and 
alluvial  soils  adjacent  to  streams,  if  well  drained  and 
free  from  frequent  flooding,  are  normally  the  most  productive 
of  all  lands.    But  in  many  places  throughout  the  United 
States  such  valley  lands  cannot  now.be  used  to  their  fullest 
extent,  if  at  all,  because  of  sedimentation,  which  obstructs 
drainage,  increases  flooding,  and' impairs  soil  fertility  by 
overwashing  the  area'  with'  the  infertile  residue  of  soil 
erosion.      . .  - 

The  research  work  of  the  Soil-  Conservation  Service  has 
indicated  that  sediment  control  measures,  if  properly  applied, 
would  prevent  a  large  'part  of  this  damage,  reclaim  land  already 
damaged,  and  protect  irrigation  and  drainage  developments. 
Methods  of  sediment  control  have  not. been  as  fully  developed  as 
many  other  soil  and  water  conservation,  measures .    Remedies  for 
the  sedimentation'  problem  in  each  valley  still  require  some 
individual  study  and  treatment. 

This  publication  presents  basic  experimental  aate  on 
sediment  transportation  needs  by  technicians  who  must  solve  these 
practical  sedimentation  problems 3 ■ and  by. research  workers  who 
are  developing  standard  practices- for , cpntrol. 


THE  PROBLEM 


With  the  exception  of  dissolved  matter,  the  total  solids  load  passing  a 
particular  cross  section  in  a  stream  may  be  classified  either  as  bed  load  or 
wash  load,  with  a  definite  grain  size  representing  the  division  between  the  two 
classes  (11)1.    The  bed  ]_oacj  j_s  -that  part  of  the  total  solids  load  composed  of 
the  relatively  coarse  material  (coarser  than  the  division  grain  size).    The  bed 
load  moves  by  rolling  or  sliding  along  the  bed  or  by  long  jumps  between  points 
of  contact  with  the  -  bed  v/hile  in  temporary  suspension  at  a  rate  related  to  the 
stream  discharge.    The  wash  load,  except  for  a  negligible  percentage,  moves 
entirely  in  suspension  at  a  rate  which  bears  no  direct  relation  to  discharge 
and  is  composed  of  the  relatively  fine  material  (finer  than  the  division  grain 
size).    The  vrash  load  usually  provides  much  the  greater  part  of  the  material  in 
a  suspended-load  sample  taken  at  flood  stage  in  a  natural  stream  and  may  be 
looked  upon  as  sediment  in  relatively .permanent  suspension. 

The  grain  size,  which  divides  the  sediment  load  of  a  stream  into  the  two 
classes,  varies  in  different  streams  and  generally  throughout  the  length  of  a 
particular  stream,  although  it  has  a  definite  value  in  a  particular  reach  of  a 
stream.     The  dividing  grain  size  can  be  easily  determined  from,  .the  mechanical 
analysis  curves  of  samples  of  material  taken  from  the  bed  of  a  stream  immediately 
after  a  flood.    It  is  the  finest  grain  size  that  occurs  in  the  bed  in  appreciable 
quantities. 

The  available  supply  of  bed  material  (coarse  material)  in  a  stream  system 
changes  but  very  slowly  during  a  long  period  of  years,  if  at  all,  and  the 
quantity  of  material  moved  is  mainly  a  response  to  discharge.    The  supply  of  wash 
material  (fine  material),  however,  may  vary  greatly  from  year  to  year  and  from 
season  to  season  because  of  changing  conditions  of  supply  which  are  independent 
of  conditions  of  flow.    The  most  important  variable  of  these  completely  interre- 
lated conditions  of  supply  are  vegetal  cover,  tillage  methods,  stage  of  soil 
erosion,  and  climate. 

Except  for  a  few  experiments  conducted  in  natural  streams  with  specially 
constructed  traps  (8,  31)  and  the  recent  studies  of  the  Soil  Conservation 
Service  (6),  quantitative  studies  of  the  transportation  of  sediment  have  been 
limited  almost  entirely  to  laboratory  flumes.     In  no  case,  however,  does  it 
appear  that  the  flume  studies  have  included  actual  quantitative  measurements 
of  sediment  in  transit,  in  the  form  of  bed  load,  in  such  streams  as  are  large 
enough  to  be  generally  representative  of  rivers  on  which  such  knowledge  is 
desired. 

It  is  important  to  note  that  in  the  majority  of  -.laboratory  investigations 
only  the  simplest  type  of  bed-load  transportation  has  been  studied,  namely,  the 
material  sliding  or  rolling  along  the  bed.     Very  rarely  have  velocities  been  great 
enough  in  flume  studies  to  cause  an  appreciable  percentage  of  the  bed  material 
to  be  thrown  into  suspension.    Only  two  investigations  have  been  reported  in 


'Numbers  in  parentheses  refer  to  Literature  Cited,  p,  54-. 
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which  the  effects  of  wash  load  accompanying  bed  movement  was  studied.    One  of 
these  investigations  was  primarily  concerned  with  a  study  of  the  scour  of  a 
sandy  river  bed  by  clear  and  by.  muddy  water  (37),  and  the  other  related  to  the 
effect  of  turbidity  on  the  rate  of  bed-load  movement  (43) • 

.'  .laboratory  investigations 

Since' the  classic  experiments  by  Gilbert  (14.)  in  1914,  a  large  number  of 
investigations  on  bed-load  transportation  in  flumes  have  been  made  at  various  i 
laboratories  throughout  the  world.    Particular  emphasis  has  been  given  to  the 
study  of  (a)  the  critical  conditions  controlling  the  commencement  of  the  .  move- 
ment of  bed  materials  of  various  s:j.zes,  and  (b)  the  rates  of  their  movement. 
A  few  other  related  problems  that  have  been  studied  are:    Relation  between  the 
bed-roughness  coefficient  and  particle  size  and  other  peculiarities,  of  the  bed, 
nonsilting  channels  in  erodible  materials,  scour  in  river  beds,  sorting  of  sedi- 
ments, and  riffle  formations.  . 

■  The  laboratory  apparatus  usually  used  has  consisted  of  a  circulating  water- 
supply  'system,  constant-head  tank,  weir  box,  stilling  chamber,  tilting  flume  (1 
to  3  feet  wide,  and  from  30  to  50  feet  long),  tail 'gate,  -andNa  return, channel. 

The  usual  experimental  procedure  consists  of  first  placing  sand  in'  the 
flume  to  a  depth  of  about  two  inches  and  molding  the  bed  to  a  certain  slope. 
Water  is  then  allowed  to  pass  through  the  flume  under  flow  conditions  made  uni- 
form by  manipulation  of  the  tail  gate.    At  low  discharges  no  movement  of  materi- 
al    occurs,  but  at  a  certain  discharge,  sediment  movement  begins;  and  increases 
in  rate  as  the  discharge  increases-.    A  trap  is  provided  at  the  downstream  end  of 
the  flume  to  measure  the  rate  of  movement  of  material  under  test.    In  order  to 
insure  that  no  progressive  change  occurs  in  the  elevation  or  slope  of  the  bed 
during  the  course  of  a  test,  sand  is  introduced  at  the  upper  end  of  the  flume 
to  balance  the  amount  that  is  moving,  and  hence  is  caught  in  the  trap.  Obser- 
vations- are  made,  during  a  test,  on  the  hydraulic  and  sedimentarjr  character- 
istics at  various  : discharges  above  the  critical  discharge. 

Critical  Conditions  for  Movement 

Observations  indicate  that  certain  conditions' are  necessary  before  the  bed 
material  in  a  stream  is  ,setr  in  motion.    Many  investigations  (4, 5, 12,13,14,15,16, 
17,19,20,22,23,24,26,32,33,34,35,36;  .38,39, 41,4A, 45,4^,47, 48)  have  been  made  on 
materials  of  various . size,  shape,  mechanical  composition,  and  specific  gravity 
to  determine  the  critical  conditions  that  create  "general  movement.'''  General 
movement,  as  used  in  this  sense,  is.  that  condition  when  sand  grains  up  to  and 
■including  the  largest  size  available  are  in  motion. 

The  condition  required  to  produce  movement  of  bed  load  may  be  defined  by 
a  critical  term  such  as  tractive  force,  discharge,  mean  velocity,  bottom  velocity, 
or  some  combination  of  certain  other  bydraulic  and  physical  factors.    The  two  most 
common  procedures  used  in  determining  the  value  of  the  critical  term  for  a  particu- 
lar material  are:  - 
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(1)  By  first  measuring  the  rate  of  bed-load  transporta  T*ion«  as  done 
by  Gilbert  (14),  Schoklitsch  (33),  United  States  Waterways  Experi- 
ment/Station (36) ,  and  MacDougall  (22) ,  and  then  plotting  this  rate 
against  measured  values  of  tractive' f orce,  discharge,  etc.    A  curve 
drawn  through  the  plotted  points  and  extended  to  the  ordinate  of 
zero  transportation  gives  the  critical  value  of  the  variable  for  the 
particular  material. 

(2)  By  measurement  of  certain  hydraulic  and  physical  factors  when 
"general"  movement  is  visually  observed  to  occur.    Kramer  (20)  and 
others  (4-,  5)  measured  the  slope  and  depth,  while  others  (23324,32j 
48)  measured  the  velocity  gradient. 

Some  of  the  experiments  for  determining  critical  conditions  have  dealt 
with  relatively  uniform  materials,  while  in  others  natural  mixtures  have  been 
used.    As  would  be  expected,  the  critical  point  is  less  definite  for  mixtures 
because  each  size  of  material  forming  the  mixture  has  its  own  characteristic 
critical  value. 

Most  of  the  formulas  developed  in  the  earlier  experiments  contained  cer- 
tain constants,  whose  determination  is  almost  impossible  without  first  con- 
ducting flume  tests  on  the  particular  material.    Kramer  (20)  was  the  first  to 
attempt  to  develop  a  practical  formula  for  critical  conditions  in  terms  of 
sand  size  and  distribution.    In  later  investigations  at  the  United  States 
Waterways  Experiment  Station  (36),  Kramer's  criteria  and  data  were  used  and  a 
modified  formula  was  derived.    More  recently  Chang  (5)  analyzed  all  available 
data  and  also  presented  a  formula  for  critical  tractive  force  in  terms  of  the 
mechanical  properties  of  the  material. 

Numerous  experiments  conducted  at  the  University  of  Iowa  (23,24338)  re-, 
suited  in  the  establishment  of  a  relationship  between  a  competent  bottom  velocitA^ 
corresponding  to  impending  motion  of  the  stream  bed,  and  the  size  and  specific 
gravity  of  the  bed  material.    Shields  (35)  conducted  a  series  of  experiments  on 
the  initial  movement  of  uniform  materials  having  a  wide  range  in  specific  gravity 
and  plotted  his  results  according  to  an  equation  derived  from  theoretical  con- 
siderations of  fluid  turbulence.    The  study  of  Shields  is  of  importance  because 
it  emphasizes  the  great  similarity  of  the  functional  trend  to  that  of  measure- 
ments in  rough  pipes  and  shows  the  effect  of  viscous    action  on  the  beginning  of 
movement • 

A  summary  of  the  most  recent  developments  on  the  problem  of  defining  criti- 
cal conditions  for  bed-load  movement  may  bo  found  in  the  papers  by  Shields  (35) 
and  Chang  (5)»    It  is  of  interest  to  note,  however,  that  because  of  the  diffi- 
culty of  accurately  determining  the  critical  value  for  incipient  movement, 
O'Brien  (27)  amd  Einstein  (10)  have  found  it  convenient  to  dispense  with  the 
use  of  a  critical  factor  in  their  formulas  for  bed-load  transportation. 

Rate  of  Bed-Load  Transportation 

The  results  of  flume  studies  have  been  f ormulated  to  show  the  rate  of 
transportation  in  terms  of  a  variety  of  variables  which  the  various  investi- 
gators considered  to  best  fit  their  data.    Perhaps  the  most  common  type  of 
formula  used  is  a  form  of  DuEoy's  equation  (7)  in  which  rate  of  movement  is 
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plotted  against  a  function  of  tractive  force  ( 5, 24, 35,36;38,45,47) •    Also  very 
common  in  many  investigations  (4,13,14, 19,  22  ,  25;39)  is  the  Schoklitsch-Gilbert 
type  in  which  slope,  discharge,,  and  grain  size  are  considered  of  primary  impor- 
tance.   In  a  few  investigations  (23,24,32^33,42,48),  bed-load  movement  has  been 
related  to  bottom  velocity,  and  in  others  to  mean  velocity  (26,27j39,48) .  More 
recently  Einstein  (10)  has  developed  a  dimensionless  bed-load  function  from 
theoretical  reasoning  and  experimental  observations, 

SUMMARY  OF  DATA  ON  BED-  ROUGHNESS  AND  RATE  OF  BED-LOAD  TRANSPORTATION 


The  purpose  of  this  report  is  not  to  discuss  the  conclusions  of  the  various 
investigators,  but. instead  to  summarize  the  basic  hydraulic  and  sedimentary  data 
from  all" available,  published  and  unpublished  flume  experiments  and  present  -  them 
in  a  uniform  and  consistent  system  of  units.    Data,  which  otherwise  may  not  be 
readily  available  to  all  experimenters,  are  therefore  presented  in  a  usable  and 
convenient  form.    In  addition  to  the  basic  experimental  data  in  each  case,  a 
brief  description  of  the-  experimental  equipment  and  procedure  is  also  given. 

Various  experiments  (20j42,48)  have  been  made  in  which  certain  basic  data 
were  not  observed  because  they- were  not  considered  essential  in  the  particular 
studies,  or  because  limitations  in  the  experimental  apparatus  and  procedure  did 
not  permit  the  observation  to  be  made.    In  such  cases  no  data  have  been  included, 
but  to  make  the  report  complete  a  brief  description  of  the  experimental  equip- 
ment and  procedure  is  given. 

Summary  of  Physical  Properties  of  Materials 

Whenever  possible,  a  plot  of  the  mechanical  composition  is  given  for  each 
material  tested.    A  summary  to  show  the  mean  diameter,  phi    arithmetic  mean 
diameter,  phi    standard  deviation,  size  limits,  Kramer's  uniformity  modulus, 
and  specific  gravity  is  also  included  whenever  the  original  data  were  complete 
enough  to  permit  the  vs,rious  determinations . . 

Date  Available  for  Summary 

Most  of  the  published  (4,14,19,22,24,27,36)  and  unpublished  (  38,43,4  5,4  6, 
47,48)  data  from  laboratories  in  the  United  States  have  been  compiled  in  this 
summary.    Certain  experimental  data,  however,-  that  were  limited  in  value,  as 
far  as  giving  information  on  bed-load  transportation  or  bed  roughness,  were 
not  summarized,  but  in  many  cases  a  description  of  the  experimental  apparatus 
'and  procedure  was  abstracted  ( 20,26, 32, 37j42,48) • 

To  make  the  record  as  -complete  as  possible,  a  brief  description  of  the 
apparatus  and  procedure  has  been  given  for  certain  published  investigations 
(5,25)  where  the  experimental  data  are  not  available,  because  of  unsettled 
European  conditions.    It  is  hoped  that  at  a  later  date  these  data  will  become 
available  and  can  be  summarized  and  distributed  as  a  supplement  to  the  present 
compilation.    It  is  also  hoped  that  certain  data  (1,2,28)  on  the  transportation 
of  .sand  by  wind  will  also  become  available. 


2lhe  values  of  the  various  phi  terms,  defined  by  Krumbein  (21)  were  determined 
by  use  of  the  logarithmic  probability  graph  of  Otto  (29). 


Table  1  gives  an  inventory  pt  all  the  mate rials  that  Have  been  tested  in 
the  various  experiments  referred  to  in  the  summaries  of  experimental  data. 

Summary  of  Experimental  Data 

The  significance  of  the  terms  in  the  detailed  .summary  ..of  the  test  data  is 
explained  as  follows:  ^  . 

Col.  l'j  Author's  series  or  test  number. 
Col.  2;  Author's  run  .-number. 

Col.  3:  Rate  of  water  discharge,  in  cubic  centimeters  per  second. 

Col.  4:  Width  of  flume,  in  centimeters. 

Col.  5:  Mean  depth  of  flow,  in  centimeters.  .  , 

Col.  6;  Mean  slope  of  the  water  surface,  the  bottom,  or  the  energy 
gradient . 

Col.  7s  Temperature  of  water,  in  degrees  centigrade. 

Col.  8;  Mean  velocity,  in  centimeters  per  second. 

Col.  9s  Bottom  velocity,  in  centimeters  per  second. 

Col.  10:  Hydraulic  radius  of  the  send  bed)  in  centimeters. 

Col. 11*  Friction  velocity,  in  centimeters ' per  second. 

Col. 12:  Reynolds'  number.  ' 

Col. 13s  Manning's    n    of  the  bed. 

Col. 14-:  Rate  of  discharge  per  unit  width  of  bed,  in  cubic 

centimeters  per  second  per  centimeter. 
Col. 15s  G  =  rate  of  bed-load  transportation,  in  grams  per 

second  per  centimeter. 
Col. 16 s  Duration  of  run,  in  minutes, 
Col. 17:  Description  of  bed  condition. 

Sample  Calculations 

To  illustrate  the  mechanics  of  the  computations  involved  in  reducing  the 
various  experimental  data  to  the  form  described  immediately  above,  observations 
from  United  Stated  Waterways  Experiment  Station,  Paper  17,  are  used  (36).  In 
run  25,  table  11,  the  following  data  were  observed. 

Sand  Wo.  1  , 
Date  of  run:  June  19,  1933 
Width  of  flume  =  2.416  feet 
Discharge  =  1.000  c.f.s. 

Depth  =  0.276  feet      ,  .  . 
Slope  -  0.0010       .  .  ' 

Water  temperature  =  27°  C .  .  •  ^  ■ ■ 

Mean  velocity  =  1.50  feet  per  second 

Rate  of  bed-load  transportation  =  9 .9  pounds  per  foot  per  hour 

Duration  of  run  =  12  minutes 

Bed  condition:      General  riffles  .V  .-• 

Data  for  columns  1,2,6,7.,  16,  and  17  are  recorded  directly  from  the  origi- 
nal date-.    Other  values  were  computed  as  follows: 


Col.  3s  Discharge: 

Q  =  1.000  x(30.4S)3  =  28,317  cubic  centimeters  per  second 
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Col.  4:  Width: 

■B  =  2.^16  x  30.48=  73.6  centimeters 

Col.  5;    Depth:  - 
D  =  0.276  x  30.42  =  8.41  centimeters 

Col.  8:'  Mean  velocity: 

Vm  =  1.50  x  30.48  =  45.72  centimeters 

Col. 10:    Hydraulic  radius  of  bed:  • 

..Calculated  by  the  Einstein  method  (10)  .as  follows: 
From  tables  85  9,  and  10  of  paper*  17  the  average  '  • 

Manning's    n    of  the  side  wall  is  0.0097  for  tur- 
bulent flOW.  ,  •.    .  r..  •  • 

From  the  various  original  data,  the  hydraulic  radius  of  the  wall  is  first 
calculated  by  Manning '-s  formula:    ..  ... 


Vm\3/2 


r    _„   '/nwall       vmY/<si"  I  0.0097     -45.72X372'     _  ,oc        ,,  . 
Iwall  =  (  a.i  -    =  (   .   {       =  '5.25  centimeters 


\^4 .641   Sx/  7-  J   '     \4 . 641        0 .0316/ 

The  area  of  the  cross  section  pertaining  to  the  wall  is 

.  -      :     '  ^all  =  2  Drwall 
The  area  of  the  cross  section  pertaining  to  the  bed  is  ...  . 

abed  =  D  (  3  -  2  rwall)        i  :" 
and  the  corresponding  hydraulic  radius"  of  the  bed  is: 

rbed  =  abed    =  D  (  1  -  2  rwall) 

=  7.21  centimeters  _  ' 

Col.  11:  Friction  velocity  is  defined  as  the  square  root  of  the 
ratio  of  tractive  force  on  the  bed  to  the  density 'of ' 
water;  that  is  . 

■  ■  ;  ■  •  ■•■  .  r":.,  *.J 2L  ;}    :  ■  .J*  ...  f'V *fi  ■ 

°r      V*   -  s/rb  g  S  ■■■■  -?: 


=  N/(7.21)    (980.6)  (0.0010) 
*      2.66  centimeters  per  second 
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Col.  12:    Reynolds  number 

R  «  Vm  rb 

=  (45.72.)  (7.21)  =  38.690 
0.00852 

Col.  13:    Manning's    n    of  bed. 

By  using  the  hydraulic  radius  r^,  the  roughness 

factor  n,    ,  is 
bed 


bed       v        r^  S  1 


'in 


=  (7.21)2//3  (0.0010)1/2 

45  •  72 


=  0.0120 


Col.  14:    Unit  discharge. 

qb  =  Vm  r5 

=  45.72  x  7.21  =  329.6  cubic  centimeters  per 
second  per  centimeter 

Col.  15:    Rate  of  bed-load  transportation 

r7  =  (9.9X453.6) 
(3600) (30.48) 

=    0.04093  grams  per  second  per  centimeter. 

All  c  omputations  have  been  made  by  calculating  machine  with  the  exception 
of  square  roots,  and  two-thirds  and  three-halves  powers  which  were  obtained  by  ~ ' 
slide  rule. 
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0.506 

' 

*h 

D 

» 
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" 

* 
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43 
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• 

* 
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" 

" 

47 

29 
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• 

• 

0-794 
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" 

30 

'  C 

• 

> 

07/5 
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" 

• 

" 

31 

»  D 

II 

7  224 
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" 

" 

32 

•  E 

• 

II 
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33 

"  r 

• 

" 

II 
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0-546 

" 

34 

>  G 

< 

> 

• 

0  986 

0  6Z8 

" 

35 

H 

• 

" 

1067 

0-496 

" 

" 

36 

'/  / 

• 

" 

• 

7  05Z 

0  461 

" 

" 

37 

J 

1 

f 

7- 066 

0.424 

" 

11 

" 

38 

K 

• 

t 

0  732 

0  636 

" 

" 

39 

L 

i 

" 

* 

0-738 

0.503 

" 

" 

40 

M 

i 
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0-475 

" 

" 

* 

" 

41 

Uozss 

• 

" 

itni  -  grjnutjr 

1, 

a  367 

0  152 

* 

" 

4-2 

"  U0417 

■ 

* 

II 

11 

0.498 
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* 

" 

43 

'  Uosas 

" 

t 

11 
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* 

* 

44 

"  uojjj 

II 

1 

0  976 
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*5 
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• 
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11 
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46 

*                     O  O  OS6 
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7.4Z 
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do 

do 

44  . 

47 

"  Uo-079 

n 

» 
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48 

•  Uoiiz 

n 

» 

2.84 

49 

"                     U  O.I58 

» 

« 

4.01 

50 

'  Ua!2* 

» 

» 

11 

5-69 

51 

'  U031J 

« 

• 

1 

8.05 

52 

1                       U  0.440 

• 

» 

» 

77-4 

53 

'                    U  0.6SO 

• 

11 

• 

76-5 

54 

"  Uo-v 

• 

' 

• 

?4  4 

55 

«                U  i-ss 

39  4 

56 

U  135 

49  5 

57 

U  ZX 

58.4 

58 
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daydife 

/.85 

Com*7!  C/-C''3I 
mixture 

d '  n  (?u7&r 

1.067 

0,3/8 

Yes 

Yes 

46 

59 

H-2 

785 

0-908 

0.40I 

60 

»  H-3 

7  74 

7  3Z9 

0  365 

61 

•  C-l 

Cod/ 

7.JS 

Mi'fvre  resair'itff 
JlroTv  r-mhinf 

3.300 

0-393 

62 

c-z 

/.  35 

1  097 

0341 

63 

>  C-3 

7.3Z 

3-197 

0  466 

*  Reference  number  refers  to  items  in  literature  cited. 
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,, 
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„ 
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« 
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il 
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70 
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,, 
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„ 

n 

84 
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86 
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Crushed 
/imc^forie 

266 
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„ 

87 
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„ 

„ 

, 

„ 

88 
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„ 

„ 

„ 

83 

74 
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n 

II 

„ 
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10 

11 

„ 
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0.7 

" 
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„ 

$2 
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OS 

, 

„ 
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0/5 
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n 

34 
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D 
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JynlTiefic  mixture 

Rounded 

23 
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42 

95 
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96 

T 
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28 
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t 

97 

K 

" 
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55 
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„ 

„ 

98 
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I 
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4-4 
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Z4 

33 
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M 
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0-68 

„ 

t 

„ 
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n 
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4 

'78 

ii  6 

it 

n 

7v  rounded  J 

0263 

0-645 

11 

f 

C 

V 

0.68 

0-804 

0 

/so 

d 

• 

• 

0.87 

0-830 

/ 

It 

it 

781 

e 

n 

0.936 

0-799 

782 

II 

 f— 

726 

0-8I2 

0 

783 

a 

» 

t 

7-747 

0  790 

1 

764 

h 

2455 

0-789 

a 

Yes 

/8S 

TA 

0-50 

0.235 

U 

No 

/86 

TA 

i 

0.92 

0745 

787 

MA 

it 

7  32 

0.747 

it 

Yes 

788 

IB 

0.5Z 

0  296 

f 

V<3 

783 

IB 

0  90 

0.359 

If 

*  Reference  number  refers  to  Items  in  literature  cited. 


TABLE  I 

SUMMARY  OF  MATERIALS  TESTED  IN  BED-LOAD  EXPERIMENTS 


Item  no. 

Designation  of 
materiol 

Type  of 
material 

Specific  gravity 

Classification  of 
mixture 

Shape  of 
particles 

Mean  diameter 
millimeters 

Uniformity 
modulus,  M 

Tests 
conducted 
on 

Data  included 
in  this  summary 

Reference  * 

Critical 
conditions 

Rate  of 
transportation 

(1) 

\o) 

(4) 

10) 

(7) 

(8) 

(9) 

(10) 

(II) 

(12) 

/30 

Casey  WB 

Jand 

 Synthefi  c  

mixtures 

Sub  -  angu/ar ) 

A  37 

)  es 

Yes 

/7o 

73/ 

IC 

• 

" 

to  rounded  J 

0-  53 

0-465 

19<-. 

xc 

" 

0-  90 

O  677 

/JO 

MC 

" 

* 

/.  25 

0.492 

Sh/e/ds   '  A  mber 

Amber 

/  OS 

Mixture 
Crush/"?? 

Angu/ar 

/■  56 

0.58 

35 

/35 

3.C-I 

Brov/n  coal 

/  27 

" 

/  77 

Iff 

0  39 

—  

/S6 

B.c-Z 

"  " 

/  P7 

• 

/  88 

11 

— 7,  

7Q7 

B.C-M 

* 

/  P7 

2?  53 

0-55 

738 

GF-I 

Grani/e  frag 

2  63 

Unr-granu/ar 

" 

2  44 

O  7"9 
v/o* 

• — - — 

/39 

G-P-JL 

// 

P  71 

" 

1 '23 

0-83 

200 

G-P~M 

./  ./ 

P  70 

08S 

08/ 

— - — 

201 

B-X 

Banfe 

4-Z 

" 

" 

3-  44 

0.82 

202 

BUT 

■4/3 

" 

2  4£ 

O78 

203 

B-M 

4.2 

* 

" 

/  52 

0S7 

204 

B-JZ 

4.25 

OG9 

O.67 

205 

ft-T 

" 

43 

" 

O  36 

0.6 J 

 ;  

B-YT 

" 

4  2 

" 

* 

2  76 

0-68 

—  

9H7 
£U  / 

Ho  Per ng -Yung  X 

Graze  1 

258 

3  yrrftie  ric 
Mixture 

r/af 

-3  83  — 

0  3/3 

Yes 

/  5 

208 

I 

n 

2 58 

" 

4  64 

0.502 

—  

HE 

" 

P  %R 

• 

" 

6  99 

».  j£ 

" 

2  58 

* 

2-/8 

0  372 

"?// 

CI  1 

T 

ii 

2  58 

6/7 

0  624 

Of? 

H 

Jand 

 Synfheri'c  

rni  Kturt: 

[founded 

/  55 

O.37I 

— "-  

41 J 

Chang  6205 

2  5&7 

L/m'-granu/ar 

— 

Q.09O 

(.  000 

No 

5 

2/4 

6204 

2.558 

• 

— 

6  540 

C'D 

6203 

2  5&7 

— 

5-  290 

c'o 

6202 

* 

2 590 

" 

- 

3  Jjo 

21 7 

6201 

" 

2 633 

£.540 

* 

— '  

2/8 

6200 

t 

2634 

- 

/■  J60 

* 

2/3 

6/99 

2640 

9 

— 

0-886 

II 

* 

220 

6198 

" 

2643 

11 

— 

0-396 

" 

* 

221 

'  6197 

" 

2645 

" 

— 

0-226 

222 

'  Pumice 

Pum/ce 

2053 

— 

0-289 

223 

'  Emery 

£~mery 

3-890 

" 

— 

0  2/0 

1 — "~ — 

* 

224 

Sand  oc 

efand 

2  520 

" 

— 

0-/34 

j — ' — 

iSS 

225 

/ndri         -  / 

Beach  SJnd 

2.63 

/\/afurj/  m/Kf'ure 

— 

0-324 

0.690 

— - — 

NO 

226 

-  2 

Sand 

2J0 

"  " 

— 

0-4J4 

0.48/ 

" 

11 

" 

227 

'            -  3 

Graze/ 

2  70 

C/nr- granu/ar 

— 

0-8/8 

* 

" 

" 

" 

228 

-  4 

n 

2 JO 

— 

4-0 

°-777 

229 

'            -  / 

H 

265 

R_  ounded 

zo 

0.600 

— "-  

17 

230 

-  2 

2-65 

11 

O.7/5 

" 

23/ 

-  3 

" 

C&J 

" 

" 

An 

0  7  \1 

232 

-  4 

265 

" 

0-8/5 

-  5 

" 

 jj*y//  /'A.g/'/L  

rn/xrure 

* 

58.8 

0  225 

234 

-  6 

it 

2.65 

" 

" 

58-8 

0-280 

23\T 

A/a  6a  yo  mo  A 

Jand 

■< 

— 

/07 

0-  -46 

Jrot/r 

26 

Z36 

S 

" 

" 

- 

0-3  6 

O  66 

Z37 

C 

" 

— 

T  4-3 

0.  64 

2  SB 

o 

" 

'■ 

— 

*  Reference  number  refers  to  items  in  literature  cited. 
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EXPERIMENTS  BY  G.  K.  GILBERT 


Mr.  Gilbert  (14)  has  recorded  and  discussed  a  series  of  experiments 
made  in  a  specially  equipped  laboratory  at  the  University  of  California, 
Berkeley,  in  the  years  1907-1909.    The  majority  of  experiments  were  con- 
cerned with  the  movement  of  sands  of  uniform  grain  sizes,  and  both  stream 
traction  and  flume  traction  were  studied. 

Experimental  Equipment  and  Measurements 

The  flume  used  in  the  majority  of  the  experiments  (fig.  1)  was  built 
of  planed  and  painted  wood  with  a  length  of  31.5  feet,  an  average  depth  of 
1.4-  feet,  and  a  width  adjustable  between  0.23  and  1.96  feet.     The  depth  of 
flow  was  controlled  by  contractions  on  the  outfall  end.    Rate  of  sand  trans- 
portation was  measured  by  a  trap  located  upstream  from  the  contraction. 

Water  was  circulated  by  pumping  from  a  sump  and  the  discharge  through 
the  flume  was  measured  by  a  calibrated  orifice.    Depths  were  measured  by  a 
point  gage  and  slopes  by  a  surveyor's  level  over  a  16-foot  reach  near  the 
center  of  the  flume.    Ordinarily,  only  the  bed  slope  was  measured;  however, 
in  some  instances  a  water— surf ace  profile  was  obtained.    Some  measurements  of 
velocity  were  attempted  with  a  Pitot  tube,  but,  in  general,  only  the  mean 
velocity  was  calculated  from  the  measured  values  of  discharge,  width,  and 
depth. 

Materials  Tested  '  ' '  ' 

The  sand  and  gravel  used  in  the  experiments  was  obtained  from '3 
California  streams,  the  Sacramento  River  6  miles  above  the  mouth  Of  'the 
American,  the  American  River  8  miles  above  its  mouth,  and  Strawberry  Creek  ' 
in  Berkeley.    The  material  from  Strawberry  Creek  'was  relatively 'Coarse  and 
was  used  only  in  the  experiments  on  flume 'traction.    The  specif iC 'gravities ' 
were  2.69  for'  the  river  material  and  2.53  for  the  creek  gravel. 

The  material  was  Sorted  by  moans  of  sieves  and  each  grade  consisted  of 
material  passing  one  sieve  and  caught  on  the  next  in  the  series.  Eleven 
different  grades,  designated  by  the  letters  A,  B,  C,  D,  E,  F,  G,  H,  I,  J, 
and  K  were  obtained.    The  sieve  numbers  used  in  the  separation  and  the  mean 
diameter  of  the  particles  are    summarized  in  table  2.    The  mean  diameter  in 
this  instance  is  defined  as  the  diameter  of  a  sphere  having  the  volume  of 
the  average  particle. 
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Table  2, — Summary  of  sands  tested  bv  Gilbert 


vas  used 

•  Mean 

r.pc  rating 

diameter 

hes  to  1 

iron) 

Milli- 

meters 

50-60 

0.305 

40-50 

.375 

30-40 

.506 

20-30 

.786 

10-20 

1.710 

6-8 

3.170 

4-6 

4.938 

3-4 

7.010 

1-2 

16.673 

1/2-1 

33.528 

1/3-1/2 

60 . 960 

Grade 


A. 
B. 
C. 
D. 
E. 
F. 
G. 
H. 

i. 
j. 

K. 


Figure  1 


Baffles 


Mto.j  unna 
✓  gate 


Diagram  of  water  circuif 


/!PP/7a/?TU5  OF  G.K.G/L6ERT 


13 


Experimental  Procedure 

A  chosen  width  of  flume  was  provided  by  adjustment  of  a  longitudinal 
partition,    Flow  was  started  and  the  measuring  orifice  adjusted  to  give  a 
desired  discharge.    The  outfall  contractor  was  adjusted  to  a  width  previously 
found  suitable  for  the  conditions  of  the  experiment.    ¥hen  the  flow  became 
steady,  sand  was  fed  into  the  stream  from  a  special  hopper,    Alow  in  the  flume 
and  the  introduction  of  sand  were  continued  without  change  until  the  slope  of 
the  deposit  forming  the  channel  bed  had  become  stable,    Vhen  this  condition  was 
reached  a  load  measurement  was  made  by  placing  a  b-\x  in  the  sand  trap  and  col- 
lecting sand  over  a  period  of  time,  which  usually  ranged  from  3  tc  10  minutes. 
In  a  few  cases  collection  periods  up  to  7  hours  were  recorded.    During  the 
period  of  load  measurement  the  depth  of  flow  and,  under  certain  conditions, 
the  slope  of  the  water  surface  were  measured,  and  the  character  of  the  sand  ., 
bed  recorded.    At  the  conclusion  of  a  load  measurement,  the  flow  in  the  system 
was  stopped  and  the  slope  of  the  sand  bed  measured.    The  sand  caught  in  the 
trap  was  drained  of  excess  water  and  weighed  without  drying  and  a  correction 
for  dry  weight  applied.    This  correction  factor,  however,,  could  not  be  located 
in  the  report. 

Although  there  were  some  variations,  this  was  the  usual  procedure  in 
most  of  the  tests.    In  some  runs  at  high  rates  of  bed  movement,  the  material 
was  fed  in  by  hand.    It  was  found  that  only  with  the  finest  sediments  and"  at  the 
highest  rates  of  discharge  was  the  amount  of  material  carried  past  the  trap 
too  large  to  be  neglected, 

0th-:  r  Expo  rime  n ts 

In  addition  to  the  numerous  tests  on,  sands  of  uniform  grain  size,  Gilbert 
also  performed  a  few  experiments  on  mixtures.    The  data  from  the  tests  on 
mixtures,  howler,  are  of  limited  value  because  the  depth  of  flow  was  not 
observed  in  most  instances. 

In  addition  to  the  great  rdajcrity  of  the  experiments  wherein  transporta- 
tion tool:  place  along  a  bed  of  the  same  material  being  transported,  a  number  of 
tests  were  reported  in  which  the  bottom  of  the  flume  was  kept  free  of  sediment j 
that  is,  transportation  by  flume  traction.    Investigations  were  made  of  the 
movement  of  sediment  Wer  a  floor  of  planed  end  -painted  wood  of  rough-sawed 
wood,  over  wooden  blocks  with  grain  vertical,  over  a  pavement  of  sand  grains  set 
in  cement,  and  over  a  pavement  of  pebbles  set  in  cement.    Sand  grades,  B,  C, 
E,  G,  H,  I,  and  J  (table  2)  and  three  mixtures  were  used  in  these  studies.  A 
few  minor  experiments  with  crooked  channels  were  conducted  on  sand  grade  C  to 
Show  the  influence  of  bends  on  traction. 

Data  Appearing  in  Summary 

Only  those  date,  appearing  in  tables  4A  to  41,  inclusive,  of  Gilbert's 
paper  are  summarized  in  table  27.    These  data  pertain  to  experiments  in  which 
sands  of  grades  A  to  H,  inclusive,  (items  1-2,  table  1)  were  transported  by 
stream  traction  with  all  measurements  being  made  according  to  the  experimental 
procedure  previously  described. 


Data,  on  the  transportation  of  mixtures  flume  traction,  and  crooked  chan- 
nels have  not  'been : -'included  because  either  -certain,  pertinent'  data  were -  lacking 
or  the  results  were' special  cases; which ■contributed  very  1: ttle  to  the  general- 
problems  of  bed-load"  transportation  and  "bed  roughness..  t  - -.  .  .. 

Because  Gilbert  did  not  number  his  experiments  in  his  report,  all  experi- 
ments without  any  omissions  are  given  in  table  27  in  the  order  in  which  ;they'. 
appear  in  tables  4  a  to  41,  inclusive of  the' original  paper.-  Even  though,  data 
are  lacking  in  mam-  of  the  experiments  and  consequently .all  columns  could  not  • 
be  completed,  it  is  believed- that  this  method  of  listing  will-  permit  the'  most 
convenient  comparison  between  the  original -  and  computed,  data  when  "desired. 

In  reducing  the  ■  original  data  to. -conform' with  the  following  summary  the 
same  procedure  as  outlined  Ah1  the'  sample  calculate  oh-  on  .pages  5  to'  7  .was  -fol- 
lowed.   In  all  calculations'  involving  a  slope  term,  the  bed •■  slope  was  used, -  the 
assumption  being  that  the  bed  slope' 'was  parallel  to  the -slope  of  the.  energy-  . 
gradient.    That  this  assumption -is 'hot  always  valid  is  evidenced  in. some  cases 
by  absurd  values  of  the  bed  roughness  (column  13,  table  27).    In  computing  the 
hydraulic  radius  of  the  bed  (column  10)  a  Manning's  n  of  0*00909  for  the  side 
walls  was  assumed.    Also  since  ho  water  temperature's  were  recorded,  an  average 
kinematic  viscosity  of  0.0100  square  centimeter  per  second  was  assumed,  in  com- 
puting Reynolds  number:  (column  12)  ,i-;  , 

EXPERIMENTS  BY  C.  H.  ?>-r-iCD0UGALL .  v.  :  f 

These  experiments  (22),  were  made  under  the  auspices  of  the  Civil  and 
Sanitary  Engineering  Department  at  the  Massachusetts  Institute  of  Technology 
as  part  of  a  systematic  program  of  research  planned- to  investigate  a  series 
of  synthetic  sand,  mixtures,  each- within  as 'wide  a  range  of  flow  conditions  as 
possible.  -   •  -  ••  ■>■'  '•"  '  ■■:  ':.  .  •  "  l-. 

Experimental  Equipment  and  Licasurements 

The-  apparatus  shown  in  figure  2  consisted  of  a  32^-foot  tilting  flume  2-4 
inches  wide    and  15  inches  deep,--  constructed  of  'redwood,  and "equipped  with; an : 
automatic  sand-feeding  devj.ee,  a     chronegraphie  recorder  for.' measurement  of 
sand  discharge,  and  methods  for  controlling  the  slope,  depth, .  and 'discharge .  • 
of  water.    To  permit-  the  •  elimination-,  of'  the    effect  of  =.  si  de-wall  friction,-  the 
lower  end -of  the  flume  was-  divided  into  three  sections  by  longitudinal  plates 
so  that' the  sand -and  water  from  the  central  section  could  be  measured  sepa-  . 
rately  while  the- "flow  along  the  sides  was  wasted.    The  water  discharged  from 
the  central  section  flowed  into  a  tank,  directly  below  the  flume,:  and  .was  meas- 
ured by  a  trapezoidal  weir. 

The  slope  and  depth  of  water  in  the  flume  were  measured  by  means  of  a 
series  of  piezometer-,  openings  spaced  at  1,5-^tter  intervals  along  the  center 
line  of  the  flume.    These  openings  were  connected' by  rubber  tubing  to  a  bank-; 
of  glass  stahdpipos '  at  the.  lovrer  end.  of  the  channel.    Observation  of  the  water- 
levels  in  these  piezometers'  enabled  t  he  experimenter  to  adjust' the  water-.' 
surface  slope  by  manipulation  of  the  tail,  gate  on  the  outlet  of .the  flume >.  . 
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Material  Tested 

Three  synthetic  mixtures  (items  9-11 ,  table  1)  prepared  from  a  round- 
grained  quartz  beach  sand  were  used  in  these  experiments.    The  mechanical 
analysis  curves  of  the  three  mixtures  are  shown  in  figure  3,  and  table  3 
summarizes  the  physical  properties  of  each  material. 


Table  3. — Summary  of  physical  properties  of  materials  tested  by  MacDougall 


Diameter 

Mate- 

Size limits 

Phi  arith- 

Phi standard 

Uniformity 

rial 

Mean 

metic  mean 

deviation 

modulus 

Millimeters 

Milli- 

meters 

I  

0. 20S-1. 16S 

0.66 

+0.66 

0.35 

0.654 

II.  .  • 

.295-4.699 

1.01 

+0.06 

.58 

.491  ' 

III. . 

.417-4.699 

1  •  44 

-0.280 

.66 

.423 

Experimental  Procedure 

The  flume  and  the  rails  along  its  edge  were  adjusted  to  a  desired  slope, 
and  the  sand  mixture  to  be  tested  was  placed  in  the  flume  bottom  and  leveled 
off  to  the  same  slope  by  means  of  a  scraper  moved  on  the  rails.    The  flume  was 
then  flooded,  but  the  flow  was  kept  below  that  required  to  move  the  sand.  After 
flooding,  the  flow  was  increased  until  movement  of  the  sand  began.    The  water 
surface  slope  was  adjusted  by  the  tail  gate,  the  discharge  was  measured,  and 
the  automatic  weighing  of  the  bed  load  was  begun  and  continued  until  a  suf- 
ficiently long  record  was  obtained.    The  water  depth  was  recorded  from  the 
piezometers.    With  the  water-surface  slope  kept  constant,  sand  was  added  at 
the  upper  end  of  the  flume  at  such  a  rate  that  the  bed  level  remained  con- 
stant. 

At  the  conclusion  of  a  run,  the  bottom  was  releveled  and  the  experiment 
repeated  with  another  discharge. 

Data  Appearing  in  Summary 

All  experimental  data  appearing  in  table  45,  appendix  I,  of  a  report  of 
research  carried  on  in  the  River  Hydraulic  Laboratory  of  the  Massachusetts 
Institute  of  Technology,  1932-33  are  summarized  in  table,  28.    These  data: 
covered  tests  on  3  synthetic  sand  mixtures,  each  tested  at  slopes  of  1:300, 
1:600,  and  1:900.    Where  possible  computations  were  made  according  to  the 
sample  calculations  oh  pages  5  to  7.    The.  lack  of  certain  basic  data  made 
it  necessary  to  omit  from  the  summary  the.  total  discharge  from  column  3, 
the  temperature  from  column  7,  the  bottom  velocity  from  column  9,  the  length'  ' 
of  run  from  column  16,  and  the  condition  of  the  bed  from  column  17.  Since 
the  mean  velocity  (column  8)  was  computed  by  the  author  from  the  discharge, 
depth,  and  width  of  the  flow  in  the  central  portion  of  the  flume,  it  was  not 
-  considered  significant  to  attempt  to  compute  the  hydraulic  radius  of  the  bed 
(column  10).    In  the  event  that,  the  missing  data  were  available  an  interesting 
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comparison  could  be  made  between  elimination  of  side-well  effect  by  the  com- 
puted method  of  'Einstein  (page  '&').-,  and, by  the  .use  of  the  division  plates  at 
the  lower  end  of  the 'flume.  •  The  values,  of  friction  velocity  .(column  11), 
Reynolds    number  (column  12) ''and  Manning's .  n    of  the  bed.  (column  13),  all 
were  computed  by  assuming  the  hydraulic  radius  of  the  bed  to  be  equal  to  the 
mean  water  depth  (column  5)«    Since  no  water  temperature's  were  given,  a  value 
of  0.0100  square  centimeter  per.  second  for  the  kinematic  viscosity  was  used 
in  computing  Reynolds  :  number.    The  unit  discharge  (column  14.)  -was  obtained 
directly  from  the  author's  values. which  were  originally  computed. from  the 
measured  discharge  through  the  cent-ral  portion  of.  'the  flune* 

ElPERIMENTS  BZ  S.  D.  CBUi-  ...  !      "  .' 

These  experiments  (39)  were  a  continuation  of  the  work  -started. .'by  C.  H. 
IlacDougall  of  the  Department  of  Civil  and  Sanitary < Engineering  at  the  Mass- 
achusetts Institute  of  Technology.' "  'The  primary  object  of  the  "present  in-.; 
vestigation .  was  to  determine  to  .what4  extent  and  in  what  manner  the- sand  .. 
composition  affects  the  total  amount  of  material  transported  along  the-  bed 
of  a  stream.    The  problem  of  sorting  also  was  studied.  -•  - 

'       .  -  Experimental  Equipment  and  Measurements 

'  'Sane  as  that  of : MacDougall,  (see  fig.  2  and  description  on  page  14.). 

•  '    Material-  Tested- 

Three  synthetic  mixtures  (items  12-14,  table  1)  prepared  from  sieve  ' 
separates  of  plum  Island  sand'  were  used  in. these .experiments.    The  mixtures 
had  approximately  equal  mean  grain .diameters    but  widely  varying  values,  of 
uniformity  modulus.    The  mechanical  analysis  -  curves  of  the  3  mixtures  are  - 
shown  in  figure  4,  and  table  4  summarises  the  physical  properties  of  each 
material. 


Table  4* — Summary  of  physical  properties  -.of  materials  tested  by  Chyn 


Hate- 
rial' 

Size  limits 

■  .  Diameter 

Phi  standard 
deviation 

Uniformity 
modulus 

„           Phi  arith- 
•  Mean        ;    ,  . 

metic  mean 

2. ..... 

liillimeters 

0.147-4.699 
.295-2.362 
.147-4.699 

Hilli-" 

meters  " 

0.S49    •'•  V+0.4C 
.840          '  +  .25 
...    .847'   ■"■      -  +  .56 

■.; 

0.60 
.27; 

0. 501- 
•-■  •  .747 
-.288 

Experimental  Procedure 
Same  as  that  of  HacDougall  (see  page.15  )•  . 
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Data  Appearing  in  Summary 

All  experimental  data  recorded  in  tables  I  to  IV,  inclusive,  of  the 
original  thesis  are  summarized  in  table  29,    These  data  covered  tests  on  the 
3  synthetic  sand  mixtures  at  slopes  ranging  from  1:300  to  1:900.    Where  possi- 
ble, computations  were  made  according  to  the  method  outlined  by  the  sample 
calculation  on  pages  5  to  7.    The  lack  of  certain  basic  data  made  it  neces- 
sary to  omit  from  the  summary  the  total  discharge  from  column  3,  the  bottom 
velocity  from  column  9,  and  the  length  of  run  from  column  16.     Since  the 
mean  velocity  (column  8)  was  computed  by  the  author  from  the  discharge,  depth, 
and  width  of  flow  in  the  central  portion  of  the  flume,  it  was  not  considered 
significant  to  attempt  to  compute  the  hydraulic  radius  of  the  bed  (column  10) . 
The  values  of  friction  velocity  (column  11),  Reynolds  number  (column  12)  and 
Manning's  n  of  the  bed  (column  13),  all  were  computed  by  assuming  the  hy- 
draulic radius  of  the  bed  to  be  equal  to  the  mean  water  depth  (column  5).  The 
unit  discharge  (column  14)  was  obtained  directly  from  the  author's  values  which 
are  originally  computed  from  the  measured  discharge  through  the  central  por- 
tion of  the  flume. 

EXPERIMENTS  BY  A.  L.  JORISSEN 

These  experiments  (19)  were  a  continuation  of  the  previous  work  by  C.  H. 
MacDougall  and  S.  D.  Chyn  of  the  Department  of  Civil  and  Sanitary  Engineering 
at  the  Massachusetts  Institute  of  Technology.     The  purpose  of  the  present 
study  was  to  investigate  two  sand  mixtures -and  analyze  to  what  extent  the 
mechanical  composition  of  the  sand  and  its  compactness  affect  the  capacity 
of  bed-load  transportation. 

Experimental  Equipment  and  Measurements 

Same  as  that  of  MacDougall  (see  fig.  2  and  description  on  p.  14). 

Material  Tested 

Two  synthetic  mixtures  (items  15  and  16,  table  1)  prepared  from  sieve 
separates  of  Plum  Island  sand  were  used  in  these  experiments.     The  mechanical 
analysis  curves  of  the  two  mixtures  are  shown  in  figure  5,  and  table  5  sum- 
marizes physical  properties  of  each  material. 


Table  5. — Summary  of  physical  properties  ox  materials  tested  by  Jorissen ■ 


Diameter 

Phi  stand- 
ard devia- 
tion 

Mate-  Specific 
Lai  gravity 

Size  limits 

Mean    Phi  arith- 
metic mean 

Uniformity 
modulus 

II   ..  2.67 

Millimeters 

0.147-4.699 
.147-4.699 

Milli- 
meters 

0.72  0.68. 
.93  .93 

0.81 
.55 

■  0.354 
.495 
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Experimental  Procedure 

Same  as  that  of  MacDougall  (see  p.  15).  . 

Data  Appearing  in  Summary 

All  experimental -data  recorded,  in  table  2  of  the  original  thesis  arc- 
summarized  in  table-  30.    These  data  covered  tests  on  the  two  synthetic  sand 
mixtures  at  slopes  ranging  from  1:300  to  1:900.    Where,  possible^  computations 
were  made  according  to  the  method  outlined  by  the  sample  calculation  on.  pa.ges 
5  to  7.    The  lack  of  certain  basic  data  made  it  necessary  to  omit  from  the 
summary  the  total  discharge  from  column  3}  the  bottom  velocity  from  column 
9,  and  the  length  of  rim  from  column  16.     Since  the  mean. velocity  (column  8) 
was  computed  by  the  author  from  the  discharge,  depth^  and  the  width  of  the 
flow  in  the  central  portion  of  the  flume,  it  was  not  considered  significant 
to  attempt  to  compute  the  hydraulic  radius  of  the  bed  (column  10).    The 'values' 
of  friction  velocity  (column  11),  Reynolds    number  (column  12),  and  Manning's 
n    of  the  bed  (column  13),  all  were  computed  by  assuming  the  hydraulic  radius 
of  the  bed  to  be  equal  to  the  mean  water  depth  (column  5)«    The  unit  discharge 
(column  14)  was  obtained  directly  from  the  author's  values  which  were  origi- 
nally computed  from  the  measured  discharge  through  the  central  portion  of  the 
flume.-  ■  . 

Although  not  included  in  this  summary,  the  author 1 s  data  also  recorded 
the  mean  diameter  and  Kramer's  uniformity  modulus  for  the  material  transported 
during  each  run. 

EXPERIMENTS  AT  THE  UNITED  STATES  WATERWAYS  EXPERIMENT  STATION  ON  SANDS 

NOS.  1  to  9 

The  United  States  Waterways  Experiment  Station  has  published  data  (36) 
obtained  from  a  series  of  flume  studies  on  nine  different  natural  sand  mix- 
tures.   Particular  emphasis  was  given  to  the  study  of  the  rates  of  movement 
of  bed  materials  of  various  sizes,  arid  the  tractive  forces  necessary  for  the 
commencement  of  their  movement.    Information  was  also  obtained  on  riffle  forma- 
tions, bed  roughness,  turbulence,  and  velocity  variations. 

Experimental  Equipment  and  Measurements 

All  experiments  were  conducted  in  a  tilting  flume,  approximately  4-8  feet 
long,  2.3  feet  wide  and  1.3  feet  deep  with  walls  and  bottom  of  concrete  troweled 

to  a  smooth  surface  (fig.  6).    Discharge  was  measured  by  a  V-notch  weir, 
and  water  surface  and  bed  elevations  were  measured  by  a  point  gage  mounted 
so  as  to  slide  along  rails  on  the  side  of  the  flume.    Sand  was  introduced  dur- 
ing the  experiments  both  manually  and  by  a  sand-feed  machine.  - 

Materials  Tested 

All  the  materials  tested  during  .the  .course  of  this  stud'/  were  natural 
mixtures,  found  either  in  the  bed  of  the  Mississippi*. River,  or  in  deposits 
near  Vicksburg,  Miss,  (items  17-25,  table  1).  The  materials  "were  composed 
of  quartz  and  feldspar  particles,  with  minute  quantities  of  other  minerals, 


Figure  5 
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the  shape  of  the  particles  ranging  mostly  from  sub-angular  to  sub-rounded  with 
some,  angular  and  some  rounded  particles.    Figure  7  shows  the  mechanical  analys 
curves  of  the  9  mixtures .tested, and  their  physical  properties  are  summarized  in 
table  6. 


Table  6. — "Summary  of  physical  properties  of  sands  Nos.  1  to  9,  tested  at  the 
United  States  Waterways  Experiment  Station 


Sand 
No. 

Specific 
gravity 

■  ,-„—,—,..■                              .  .  _ 

1 

! 

Size  limits 

Di< 

■/..lit-  UOJ. 

five]  drvi  r  — 

Uniformity 
modulus 

Mean 

Phi 'arith— 

rnc>  +  "i  0   T0r>-'  v\ 

Millimeters 

Milli- 

meters 

1  

■  2.65 

0.074-9.423 

0. 586 

+1.35 

C.92 

'  0.280 

2  

2.65 

.147-3.327 

.  _,'-4.J- 

+1.10 

.61 

'.439 

3.... 

2.65 

.147-2.362 

.525 

+1.09. 

.46 

.539 

4. ... 

2.65 

.074- -2. 362 

.506 

+1,21 

K:  .77 

.406 

5. . . . 

2.65 

.104-1.651 

.483 

+1.2.1 

•  •■  v      *k9  , , 

.438 

fa . . . . 

0  Ak 

.147-0.833 

.347 

+1.61  - 

.643 

7.... 

.  2.65 

•  .074-0. 833 

■  .310 

+1.83  • 

,  =52 

■■.525 

8  

2.65 

.074-0.833 

.205 

+2*43 

r  .;,:;    -.37  ' .  ■ 

'  :  .  560 

s  •  •  •  » 

2.65 

1  - 

.295-6.680 

4.077 

-1.95 

j       ;  •  .51 

1 

1       •     '  .  .".'566 

Exp  e  r  ime  n t  a 1  Procedure 


The  flume  was  ad justed:. to  a  desired  slope  by  means  of  screw  jacks,  and 
the  bed  material  molded  to  this  exact  slope  by  means  of  a  template  mounted  op 
a  frame  constructed  to  slide  along  the  rails  on  the  flume.    For  a  particular 
discharge  the  tail  gate  was  manipulated  as  often  as  was  necessary  to  maintain 
the  slope  of  the  water  surface  parallel  to  the  original  slope.    When. bed' move- 
ment became  appreciable,  the  sand,  discharge  was  determined  during  a  measured 
time  interval.    Sand  was  introduced  both  manually  and  by  a  sand-feed  machine, 
the  intention  being  to  maintain  the  rate  of  feeding  the  same! as  the  rate  at 
which  sand  was  being  caught  in  the  trap. 

For  a  particular  slope  the  discharge  was  increased  in  successive  small 
increments,  until  the  maximum  capacity  of  the  supply  pipe  was  reached.  After 
the  conclusion,  of  a  series  of  runs,  the  flume  was  set  to  another  slope,  the 
bed  was  remolded  to  that  slope,  and  another  independent  series  of  runs  was 
made  in  a  similar  manner.     In  general,  no  data  were  recorded  for  a  run  until 
an  absolute  equilibrium  had  been  reached. 

Data  Appearing 'in  Summary 

With  the  exception  of  those  runs  in  which  no  sand  movement  was  recorded, 
all  data  appearing  in  table's  11,  to  37,  inclusive,  of  the  original  paper  were 
used  in  preparing  the  summary  presented  in  table  31. 
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In  reducing  the  original  data  to  that  appearing  in  the  following  tables 
the  same  procedure  as  outlined  in  the  sample  calculation  on  pages  5  to  7  was 
followed. 


EXPERIMENTS  AT  THE  UNITED  STATES  WATERWAYS  EXPERIMENT  STATION  ON  SAND  NO.  10 


The  United  States  Waterways  Experiment  Station  (45)  has  made  a  series  of 
flume  tests  of  a  synthetic  sand  mixture,  which  is  a  continuation  of  the  study 
described  in  its  Paper  No.  17. 

Experimental  Equipment  and  Measurements 

This  series  of  tests  was  conducted  in  the  same  concrete  tilting  flume 
(see  fig.  6  and  description  on  p.  IS  ),  used  in  the  tests  described  in  P'aper 
No.  17. 

Materials  Tested 

The  synthetic  sand  mixture  (item  26,  table  1)  studied  in .these  tests  was 
prepared  by  mixing  together  uniform  sieve  sizes  of  Fitler  sand  (sand  No.  5? 
Paper  17)  previously  screened  from  a  natural  mixture  of  the  material.  The 
material  was  composed  primarily  of  quartz  and  feldspar  particles,  and  the  shapes 
of  the  particles  ranged  from  sub-angular  to  angular.    Figure  3  shows  the  me- 
chanical analysis  curve  of  this  mixture,  and  table  7  summarizes  its  physical' 
properties. 


Table  7. — Summary  of  physical  properties  of  sand  No.  10  tested  at  the  United 

States  Waterways  Experiment  Station 


uiameter 

Sand 
No. 

Specific 
gravity 

Size  limits 

Mean    Phi  arith- 
metic mean 

Phi  stand- 
ard devia- 
tion 

Uniformity 
modulus 

10. . . , 

2.65 

Millimeters 
0.208-2.362 

Milli- 
meters 

0.976  +0.14 

C.43 

O.564 

Experimental  procedure 


The  procedure  was  practically  the  same  as  that  used  with  the  9  natural 
sand  mixtures  of  Paper  17.    The  length  of  the  movable  bed  section  used  in  the 
flume  tests  with  sand  No.  10  was  only  20.6  feet  as  compared  with  42.5  feet  in. 
the  tests  on  the  natural  sands.    The  tests  proper  were  conducted  in  exactly 
the  same  manner  as  those  of  Paper  No.  17  (see  p.  19).    They  were  carried  fur- 
ther, however,  in  that  they  were  first  carried  through  a  series  of  rising 
stages,  then  through  a  series  of  falling  stages,  and  were  not  terminated  when 
the  maximum  discharge  of  the  supply  pipe  had  been  reached. 


Figure  8 
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Data  Appearing  in  Summary 

With  the  exception  of  those  runs  in  which  no  sand  movement  was  recorded, 
all  the  data  appearing  in  tables  5  to  10,  inclusive,  of  the  original  memo- 
randum were  used  in  preparing  the  summary  presented  in  table  32.     In  reducing 
the  original  data  to  that  appearing  in  table  32  the  same  procedure  as  outlined 
in  the  sample  calculation  on  pages  5  to  7  was  followed. 

EXPERIMENTS  AT  THE  UNITED  STATES  m-,1EM  ..IS  EXPERIMENT'  STATION  ON  THE  EFFECT 

OF  TURBIDITY  ON  SAND  MOVEMENT 


The  purpose  of  these  experiments  (4 3)  was  to  determine  the  maximum  tur- 
bidity at  which  water  could  be  used  in  movable-bed  models  without  effecting ' 
the  results. 

Experimental  Equipment  and  Measurements 

A  glass-sided  flume  1  foot  wide,  2  feet  deep,  and  25  feet  long,  In  which 
sand  was  molded  to  a  depth  of  0.3  foot,  was  used.     Sills  at  the  upstream  and 
downstream  ends  of  the  flume  prevented  the  sand  from  sloughing  off  and  pro- 
vided a  smooth  transition  section  between  the  stilling  chamber  and  the  flume 
proper  (fig.  9)*        more  detailed  description  of  this  flume  has  been  published 
by  C.  E.  Bentzel  and  J.  B.  Tiffany  (3). 

Materials  Tested 

The  physical  properties  of  the  sand  used  in  these  tests  (item  27,  table 
1)  are  summarized  in  table  8.     The  mechanical  analysis  curve  of  the  mixture 
is  shown  in  figure  10. 


Table  8. — Summary  of  physical  properties  of  sand  used  in  turbidity  tests 
at  the  United  States  Waterways  Experiment  Station 


Mate- 
rial 

Specific 
gravity 

Size  Limits 

Diameter 

Mean    phi  arith- 
metic mean 

...     ;  . 

phi  stand- 
ard devia- 
tion 

Uniformity 
modulus 

Tur- 
bidity 
test . . . 

2.65 

Millimeters 
0.074-2.362 

Milli- 
meters 

0.647  4»0»S8 

0.89 

0.345 

Experimental  Procedure 

Tests  were  made  with  depths  of  0.2  and  0-5  foot  with  the  slope  of  the 
flume  maintained  at  a  value  of  0.0010.     In  order  to  provide  base  tests  with 
zero  turbidity,  two  tests  (Nos.  1  and  2)  were  conducted  using  clear  water 
in  the  system.     In  these  tests  the  discharge  and  the  tail-gate  settings 
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necessary  to  maintain  the  0.2  and  0.5  foot  depths  at  the  slope,  of  0.0010  were 
determined.     In  all  the  tests.. that  followed,  the  discharges  and  tail-gate  set- 
tings were  kept  the  same  'as •  'fhH4fe~^as©..: i&sts^-..  the  water- surface  slope  being 
permitted  to  adjust,.-  itself  to  the-  prevailing  turbidity  conditions  and  bed 

Lguration,  ■      .  ■..  ,  "  .-  -  ,  %-  - 

After  completion  of  the  two  base.  tests, ."the  clear  water  was  drained  from 
the  sump  and  replaced  .by  water  of  relatively  'low-' --turbidity.  -  Tests  at  the  two 
depths  were  made  with  this  water,?  after  which  the  turbidity -was  increased  in 
steps  by  the  addition,  of .  silt  to  the  water,  until  a  maximum  turbidity  at  about 
1,100  parts  per  million  was  reached...  After,  each' increase  in"  turbidity  the  0.5 
foot  depth  was  tested  first,  but  only  after  the  flume  had  been  flooded  and  al- 
lowed to  stand  quietly  for  one  hour  before  commencement  of  the  test.  Tilth 
depths  of  0.2  foot  no  settlement  period  was  provided.    Before  tests  17  to  23 9 
inclusive,  the-  flume  -was  flooded  and  allowed  to  stand  quietly,  for  approximately 
16  hours  before  commencing  operation,  "  '"'  -  '■■   ,  e:  •  ■-,  ■  ..♦,/; 

Data  Appearing, in  Summary 

All  the  data  appearing  in  table  1  of  the  original  report  have  been  used 
in  preparing  the  summary  presented  in  table  33.    It  will  be  noted  that  an  addi- 
tional column  (column  15a)  has  been  included  to  give  a  record  of  the  turbidity. 

In  reducing  the  original  data  to  that  appearing  In  table  33>  the  same  pro- 
cedure, as  outlined  in  the  sample  calculation  on  pages  5  to  ,7;  was  followed. 
In  computing  the  hydraulic  radius  of  the  bed  (column  10)  Manning's  n  op  the 
glass  side-walls  was  assumed  to  have  the  value  0.0030, 

UNITED  'STATES  VATERLPfS  EXpERIii IEI : % . -ST.  {21011  EITERBIoliTS  eN  SYNTHETIC  MIXTURES 

The  United  States  Vaterways  Experiment  Station  (47)  has  made  a  series  of 
flume  tests  for  the  pureose  of  developing  a  synthetic  sand  mixture;  which. would 
move  without  the  formation  of  riffles. In  the  ranges  of  depth  and  slopes  usually 
encountered  in  movable -bed  models,.  ,  •.  ' 

Experimental  Equipment  ana  -Measurement.. 

All  of  the  tests  were  conducted  in  the  glass-walled  tilting  flume  shown 

in  figure  9  and  described  on  page  21.  -  -  •  '•  \ 

■        ...    .5  ;'";■■  Materials  Tested  ■ 


Thirteen  synthetic  sand  mixtures/  four  sands .of  uniform  size,  and  one 
natural  sand  mixture  ire  re  tested  (items  28-45 »  table  l). 

The  natural  sand  mixture  commonly  designated  as  "Fitler"  sand  was.,  ob- 
tained-from  the  Pearl  River,  near  Jackson,  Miss.    This  material  was  composed 
primarily  of'  quartz  and  feldspar  particles1.-  ;  •'  g-  •-•      •  ■  L  .  .  ;. 

The  uniform  grain  size  sands  were  obtained  by  screening  "Pi tier" " Sand 
with  a  set  of  standard  sieves.    The  13  synthetic  sand  mixtures  were  prepared 
by  mixing  varying  proportions  of  the  uniform  size  sands. 

The  physical  properties,  of  the  various  materials  are  summarized  In  table 
9,  and  their  mechanical  analysis  curves'  are  shown  in  figure  11, 


Figure  II 


U.S.W.E.S.  SYNTHETIC  MIXTURES 
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Table  9. — Summary  of  physical  properties  of  synthetic  mixtures  tested  at  the 
United  States  Waterways  Experiment  Station 


Sand  No, 

Specific 
gravity 

Size  limits 

Mean- 
diameter 

Uniformity 
modulus 

Millimeters 

Milli- 

meters- 

2.65 

0*417-1.168 

0.853 

0.666 

2.65 

,295-1.168 

.794 

.603 

2.65 

,295-1.168 

.715 

.536 

2.65 

.589-1.651 

1.224 

.689 

2.65 

.417-1.651 

1,162 

.636 

2.65 

.4.I7-I.65I 

1.008 

.546 

2.65 

,417-1.651 

.986 

,628 

2.65 

,417-2.362 

1.067 

.496 

2.65 

.295-2.362 

1.052 

.461 

2,65 

.295-3.327 

1.066 

.424 

2,65 

,295-1.168 

.732 

.636 

2.65 

.208-1.651 

,738 

♦  503 

2.65 

.208-1.651 

,759 

.475 

U  (0.295).  

2,65 

,208-0.589 

.367 

,752. 

2.65 

.295-0.833 

.498 

,791 

2,65 

.417-1,168 

.691 

.774 

2.65 

.589-1.651 

.976 

,7&6 

2.65 

,147-3.327 

,597 

,369 

Experimental  Procedure  .  ; 

Each  material  was  tested  at  three  depths  of  flow,  0.25,  0,50,  and  0.75 
foot,  and  each  designated  as  a  separate  test;    Within  each  test,  5  or  more 
similar  runs  at  30  minutes  duration  each  were  made.    A  constant  slope  of  0.0010 
was  used  in  all  tests.    The  bed  was  molded  flat  at  the  beginning  of  each  test. 

The  preparation  and  placement  of  materials  in  the  flume,  setting  the 
slope  of  the  flume,  and  molding  the  bed,  were  done  in  exactly  the  same  manner 
described  in  Paper  17.    In  all  tests,  particularly  in  those  at  0,5  foot  and 
0,75  foot  depths,  the  discharge  and  slope  were  maintained  at  constant  values 
and  the  depth  of  flow  during  each  run  was  allowed  to  increase  as  the  roughness 
of  the  bed  increased  due  to  riffle  or  wave  formations.    Once  the  weir  dis- 
charge had  been  satisfactorily  adjusted  for  the  first  run  .of  a  test,  it  was  . 
not  changed  for  any  of  the  succeeding  runs.    Although  an  attempt  was  made  to 
make  the  tail-gate  setting  cohstant  for  all  runs  of  the  test,  it  was  found  ' 
that  slight  adjustment  had  to  'be  made,  due  to  changes  in  bed  roughness,  to  ' 
keep  the  water-surface  slope  constant. 


Data  Appearing  in  Summary  .    .  -  . 

Those  data  appearing  in  tables  7  to  23,  inclusive,  of  the  original 
report  have  been  used  in  preparing  the  summary  presented  in  table  34*  In 
all,  21  series  of  tests  were  c&nducted — Ion  the  natural. mixture,  4  on  ' 
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uniform  sand  sizes,  and  16  on  synthetic  mixtures.    Of  the  16  tests  on. the 
synthetic  mixtures,  3  were  repeat  experiments  conducted  for  check  purposes. 

In  reducing  the  original  data  to  that  appearing,  in  the  following'" tables, 
the  same  procedure  as  outlined  in  the  .'sample  calculations  oh  pages  5  to  7  was 
followed i  In  computing  the  hydraulic ; radius  of  the  bed  (column ; 10)  Manning's 
n    of  the  sidewalls  was  assumed  ..to  be  0.. 0080.  *'■■' 


UNITED  STATES  1&TERH&.YS  EXPERIMENT  STATION)  EXPERIMENTS  ON  THE  CRITICAL  TRAC- 
TIVE FORCE  OF  COARSE  MTERL4I,  ""  .  : 


These  experiments  (44)  were  made  to" determine  the 'minimum  tractive  force--/ 
required  'to*  keep  individual  particles  of  sand  and  gravel  *  in  motion,  after  -  they... 
had  been  dropped  from  the  surface  of  a  flowing  'stream. ;  ,,  (  '"'  1  ■ 

Experimental  Equipment  and  Measurements      :  '     ' "    *  •  ■•' 

The  tests  were , conducted  in  the  glass-walled  tilting  flume  shown' in- figure 
9  and  described  on  page -21  /   The  bottom  of  the  flupie  was  covered  with'  a*  layer...; 
of  compacted  sand,  which  irf  turn  was  overlaid  with;  a  -thin  surface'  of  Cement- 
grout, ■  -roughened  to  approximately  the  resistance  to  flow  offered  by  a  molded  .J 
sand  bedf*  The  slope  of  the  water  surface  was  maintained  in  ,'each  'test  ;at  •  the  /  .' 
same  slope  to  which  the  flume  had  been  set,  and  was  -checked 'by  measurements/ 


from  a  needle  gage,  which  'was  so  mounted 
the- -top  of  the  flume, 


is  to'  slide  along  the  side*  rails*  %i 


Materials  Tested  •  •  ' ' 

'  Twelve  si^zes  of  material  (items  '46-57-,  table  1)  were  used  in  these  tests. 
All  the' materials  were  sub-rounded,  and  were  composed  mostly  of  chert  and  quartz 
.of  the  specific  gravity 'of  about  2. .65..    The  physical-  .properties  of  the  12  sizes 
of  material  are  summarized  in  table  10.  '  .-  ...  '.V 

Table  10 . --Summary  of  physical  properties  of  coarse.''  materials  used,  in  critical 
tractive~Eor.ee  studies  at  the'  United  .States  Waterways  Experiment  Station  . 


Material  No. 


•  Specific 

;.,  "Mean. 

gravity .  "•' 

diameter 

Millimeters 

:  .'  , '  2.6'5  ;  " 

1.42 

2.01 

h'65- 

■...'.'""',"  2.84 

.-  ....  '  2.65'    '  — ' 

.    '  4.01 

J, .2.6$--' 

""  ■  5.69 

■'  ■'.'    2.6'5"-"  • ' 

8.05 

2.65 

11.4 

2.65 

I6.5 

:  2.65 

24  •  4 

2.6'5- 

39.4 

2.6'5  "• 

..  49.5 

■  '2.65( 

.        .  '  '.'  58.4 

u 

(.056). 

U: 

(.079). 

U 

u 

(.158). 

u 

(.224). 

u 

(•317). 

u 

u 

(.65).. 

u 

(.96).. 

u 

(1.55). 

u 

(1.95). 

u 

(2.30). 
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Experimental  Procedure 

The  tests  on  critical  tractive  force  consisted  of  4  independent  tests 
conducted  at  4  different  slopes.    The  flume  itself  was  first  set  to  a  desired 
slope,  and  the  water  surface  maintained  at  the  same  slope  for  all  depths. 
The  first  run  was  made  at  a  depth  of  about  0,05  foot,  after  which  the  depth 
was  increased  by  small  increments  to  about  0.75  foot. 

During  the  first  run,  several  particles  of  the  1.42  mm  size  were  dropped 
into  the  water  from  the  surface  and  carefully  watched.    It  was  found  that  they 
would  all  come  to  rest  with  almost  no  downstream  movement  after  once  having 
reached  the  bottom.    After  several  runs,  it  was  found  that  a  few  of  the  grains 
would  proceed  downstream  in  an  unsteady  manner,  and  as  the  depth  was  further 
increased,  more  and  more  of  the  particles  would  move  steadily,    YJhen  it  was 
found  that  practically  all  the  grains  of  this  size  were  carried  steadily  down- 
stream with  only  infrequent  short  pauses,  the  critical  tractive  force  for  that 
.size  was  said  to  have  been  reached. 

As  that  test  continued  with  increasing  depths,  the  critical  tractive 
forces  of  the  successively  larger  sized  grains  were  determined  in  the  same 
.manner.    The  pebbles  were  pushed  very  gently  off  a  sheet-metal  pan  which  was 
held  horizontally  exactly  at  the  surface  of  the  water,  in  such  a  manner  that 
they  were  not  given  any  initial  velocity  in  either  a  downstream  or  a  vertical 
direction. 

After  the  completion  ->f  the  test  at  the  first  slope  (0.0005),  the  slope 
of  the  flume  was  changed,  and  successive  tests  were  run  at  slopes  of  0.0010, 
0,0015,  and  0.0020.  The  procedure  in  each  test  was  exactly -the  same  as  that 
described  above. 

In  addition  to  the  critical  tractive— force  tests,  a  series  of  tests  were 
conducted  to  determine  the  downstream  drift  of  particles.    The  experimental 
technique  in  these  latter  tests  varied  only  slightly  from  the  technique  used 
in  the  test  described  above;    The  test  was  started  with  a  very  small  discharge, 
which  was  increased  in  small  increments  until  a  depth  of  about  1,5  feet  had  been 
reached,  the  slope  of  the  water  surface  being  maintained  at  all  times  parallel 
to  the  slope  of  the  flume  bed  (0,00045).    At  each  depth  of  flow,  samples  of  each 
size  of  grain  were  dropped  from  the  water  surface,  and  the  horizontal  distance 
between  the  points,  where  the  grains  entered  the  water,  and  the  point  where 
they  struck  the  bottom,  was  recorded. 

Data  Appearing  in  Summary 

Since  the  tests  give  no  information  on  either  the  rate  of  bed-load 
transportation  or  bed  roughness,  the  various  experimental  data  have  not  been 
summarized. 
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UNITED  STATES  T(AT£f?K&£S.  EXPERIMENT.  STATION  STUDIES  ON  TIE 

mmmm  ■  of  ■  LiuKT-TEiGKi  ^terials  • 


This  investigation  (A.6),  consisting  of  two  parts,  contains  the  results  of 
a  study  "of  a  great  number  of  light-weight  materials  suggested  for  use  "as  model 
bed  material*'   The  first  part  contains  a  discussion  of  the  properties  of  various 
light-weight  materials  that  tend  to  make  them  suitable  or  unsuitable  for  use  as 
model  bed  material.    The  second  part  contains  the  results  of  a  series  of  flume 
tests,  conducted  with  those'^  materials  that.  Trere  recommended  in  the  first  part 
as  being  suitable  for  general  use  as  model  bed  material.    For  a  preliminary 
analysis  of  some  of  these  data,  the  -  reader  is  referred  to  the  paper  of  0.  G. 
Haywood  7;(4Qj  •-  ,:.  /  k  :  •••  .    va  ■   ••  a' 

j     .'•••''         .  ; :  .  Experimental  Equipment  and  Measurements 

The  tests  trere  conducted  in  the  glass-v/alled  tilting  flume  shown  in 
figure  c;  and  described  on  page  21. 

.Mate  rial s  Te  s ted  - 

From  an  "  investigation  of,  the  properties  of  6C  materials  from  a  wide'  range 
of  sources  j  only  Haydite,.  coal, -rosin,  and  Gils'onite  were  recommended  as  being  . 
practical  for  use  as  model  bed  material  (items  58-76,  table  l).  The  ' 
recommendations  were  based  on  an  investigation  of  the  properties  and  cost  of  the 
materials.  Table.  11  summarizes  the  physical  properties'  of  the-  various  materials 
and  mixtures .  tested.  Mechanical,  analysis  curves  of  the  materials  before'  testing 
are  shown.'  in  figure  12.  ;  -,  :4.  .;        .  •>  ■  a  ; "     •  V:  •'  "  •■■     '  -  ■- 

Experimental  Procedure 

The  method  of  operation,  which  includes  preparation  -and  placement  of 
materials  in  the  flume,  setting  the  slope  of • the  flume,  molding  the  bed,  and 'the 
actual  test,  'was  essentially  the  ■  same  as  .that  ae scribed  in  Paper  17;  Porous 
materials,  however »  "/ere  soaked  and  stirred  until  they  reached  their  maximum 
specific  gravity  before  placement.    Material  was  fed  manually  into  the  flume  at 
a  rate  about  equal  to  that  deposited  in  the.  trap..' ,  \ 

Data,  Appearing  in  Summary  ■ 

With  the  exception  of  those  runs  in  which  no  sand  movement  was  recorded, 
all  the  data  appearing  in  tables  IjM  to  54>'  inclusive,  of  the  original  memorandum 
were  used  in  preparing  the  summary  "presented  in  table  35*    In  reducing  the 
original  data  to  that  appearing  in  table -35  the  same  procedure  as  outlined  in 
the  sample  calculation  on  pages  5  to  7  aas  followed.    In  computing  the  hydraulic 
radius  of  the  bed  (column  10)  Manning's  n  of  the  sidewalls  was  assumed  to  be 
0.0060. 


Figuee  12 
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EXPERIMENTS  BY  CHITTY  HO  AND  YUN-CHENG  TU 

The  primary  purpose  df  these  experiments  (23)  which  were  made  at  the 
University  of  Iowa' Institute  of  Hydraulic  Research,  was  the  determination  of  the 
competent  bottom  velocity  for  materials  of  various  sixes  and  specific  gravity. 

Experimental. Equipment  and  Measurements 

The  tests  were  conducted  in  a  glass-walled  flume- 30  l/2  inches  wide,  3  feet 
high,  and  39  feet  long' (fig.  13).    A  false  floor  approximately  16  feet  long  was 
constructed  with  6-inqh  planks  laid  crosswise  of  the  flume..    A  sand  pit  with  its 
upstream  edge  about  10  feet  from  the  upper  end  of  the;  false  floor,  was  2  feet 
long  in  Ho's,  and  1  foot  long  in  Tu's  installation.    The  depth  of  the  pits  could 
be  adjusted  to  accomodate  the  samples  of  sands  used  in  the  experiments i • 

Discharge  was  measured  by  a'  calibrated  rectangular  suppressed  weir.  Depths 
of  flow  were  regulated  by  a  tail  gate  and  measured  at j the  upstream  edge  of  the 
sand  bed  by  a  vernier  gage.    Velocities  were  measured  by  means  of  either  a 
Pitot  tube  or  a  miniature  'current  meter,  directly  over  the  sand  bed  and  along 
vertical  lines  at  the  center  and  quarter  points  of  the"  channel  width. 

Materials  Tested  ■ 

Four  kinds  of  material  (items-  77-93,  table  1)  wefe  used  in  the  investigation 
(1)  Sand  from  the  Iowa  River  at  Iowa  City,  (2)  crushed  limestone  from  a  quarry 
at  Iowa  City,  (3)  Haydite  obtained  from  the  Haydite  Corporation  at  Kansas  City, 
and  (4)  a  dune  sand,  known  as  Knox  sand,  obtained  near  North  Liberty,  Iowa.  The 
first  three  materials  were  separated  into  unigranular  sizes  by  a  set  of  standard 
sieves,  and"  the  sizes  .shewn  in- table  12  used  in  the  flume -tests.  ,  The  mechanical 
analysis  curves  for  the  unigranular  materials  are  shown  in  figure  14. 


Table  12" — Summary  of  physical  properties  -of  materials'  tested  by  Ho  and  Tu 


.    .  . 
Materials 

Specific "  ' 
gravity 

Size  •• 

limits 

Diameter 
of  grain 

 :  2  

Unif ormity 
modulus 

Millimeters 

Millimeters 

Iowa  River  sand 

2.65 

4.70-6.68. 

.5.7 

.  0.84 

DO 

2.65 

3.33-4.70 

4.0 

.84 

Do 

2.66 

2.36-3.33 

2.8 

.84 

Do 

2.62 

1..65-n2.36  - 

2.0 

.84 

Do 

2.63 

1.17-1.65 

1.4 

.  .84 

Do 

2.-63 

.83-1.17 

.  1.0 

.84 

Do 

2.68 

.59-0.83 

M 

.84 

Do 

2. .62 

.42-0.59 

'   ..5  ■ 

.84 

Do 

2.62 

.30-0.42 

H  .  .35 

.84 

Crushed  limestone 

2. '66 

4. 70-6. 68 

5.7 

.84 

Do 

2.66 

3.33-4.70 

4.0 

.84 

Haydite 

1.81 

1.65-2.36 

2.0 

.84 

Do 

1.78 

1.17-1.65. 

•  ,'  1.4 

.84 

Do 

.1.83 

,83-1.17 

'.: . .  1.0 

.84 

Do 

1.88 

.•59-0. 83 * ' 

[rj 

.84 

Do 

1.86 

■  .42-0.59 

•5 

.  34 

Knox  sand 

2.54 

.07-0.60 

.15- 

1.68 

Figure  13 


Figure  14 
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Experimental  Procedure  ;  . 

W"6t  material  was  placed  in  the  sand  pit  with  the  surface  at  the  same  level 
as  the  flume  bed.    The  discharge  through  the  flume  was  then  regulated  approximately 
to  a  predetermined  amount,  and,  after  conditions  had  become  steady,  the  tail  gate 
was  slowly  lowered.    The  bed  was  watched  carefully  for  the  first  signs  of  impend- 
ing movement.    As  soon  as  the  particles  of  sand  commenced  to  roll  over  the  sand 
bed,  the  tail  gate  was  locked  in  position  and  measurement  made  of  verical  velocity 
curves • 


Data  Appearing  in  Summary 

Since  the  tests  of  Ho  and  Tu  give  no  information  on  either  bed  roughness 
or  the  rate  of  bed-load  transportation,  the  various  experimental  data  have  not 
been  summarized. 

EXPERIMENTS  BY  TE  YUN  LIU  AND  A.  N.  CARTER 

The  objectives  of  this  investigation  (4-2),  which  was  made  at  the  University 
of  Iowa  Institute  of  Hydraulic  Research,  were  to  obtain  information  on  the  critical 
bottom  velocity  for  the  material  tested,  as  well  as  the  relation  between  rate  of 
transportation  and  the  size  and  shape  of  the  particles. 

Experimental  Equipment  and  Apparatus 

The  tests  were  conducted  in  a  glass-walled  flume,  15*5  feet  long,  1.01  feet 
wide,  and  2  feet  deep  (fig.  15) »    Material  to  be  "tested  was  placed  in  a  pit 
1.02  feet  long,  extending  the  full  width  of  the  flume.    Plates  in  the  bottom  of 
the  pit  could  be  raised  or  lowered  by  adjusting  screws,-  so  that  the  surface  of 
the  bed  material  could  be  maintained  level  with  the  surface  at  the  flume  bed. 
Velocities  were  measured  in  a  verti'cal  section  at  the  center  of  the  flume  by 
means  of  a  Pitot  tube.    Depths  were  measured  by  a  gage  clamped  on  the  outside 
of  the  flume. 


"Materials  Tested 

Two  sands  and  two  crushed  limestone  materials  we're  tested  (items  94.-97, 
table  1),  the  physical  properties  of  which  arc  summarized  in  table  13.  The 
mechanical  analysis  curves  for  the  materials  are  shown  in  figure  16.    The  two 
sands,  designated  as  sand,  D  a  nd  sand  E,  were  obtained  by  sieving  Iowa  River  sand 
and  were  well  rounded.     The  two  limestone  materials,  designated  materials  I  and 
II,  were  obtained  by  sieving  crushed  limestone  and  most  of  the  grains  were 
sharp  edged. 
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Table  13 — Summary  of  physical  properties, _ of  materials  tested  by  Liu  and  Carter 


Material  < 

Specific 
gravity 

■  Size  limits 

.  .  Mean 
diameter 

Uniformity 
.  modulus 

Millimeters ; 

Millimeters" 

••  2.64 

„  2.362-4.699  ;  = 

2'.9 

:  0.83 

2.58 

0  -2.362 

::     V     ,  1.4 

.74 

2.69 

1.168-4.699 

"2.3 

.73 

2.69 

3.327-6.680 

5.5 

.  .76, 

Experimental  Procedure 

Wet  material  was  placed  in  the  pit  with  the  surface  at  the  same  level  as 
the  flume  bed.    The  discharge  was  slowly  increased,  and  the  t ail  gate  manipulated 
to  hold  the  depth 'constant,  until  the  particles  on  the  surface  of  the  bed  were 
just  beginning  to  move.    When  conditions  had  become  steady,  a  velocity  traverse 
in  a  vertical. at  the  center  of  the  flume  was  observed  by  means  of  a  Pitot  tube. 

After  readings  for  the.  competent  velocity  were,  obtained,  the,  discharge  was 
increased  and  the  depth  kept  constant  by  lowering  the  tail  gate..  With  steady 
conditions  prevailing  at  -the  new  discharge,  a  velocity  traverse  was'  again '  made 
and  the  rate  of  transportation  measured.    During  all  of  the  tests  the"  surface 
of  the  bed  material  in  .the.  pit  was  kept  at  the  same  level  as  the  flume  bed  by 
frequent  adjustment  of  the  adjusting  screws.  ■ 

When  testing  sands  D  and  E,  the  velocity  traverses  were  taken  with  the 
Pitot  tube  vertically  above  the  upstream  edge  of  -the  ,sand  bed,  but  when  testing 
the  limestone  material  the  Pitot  tube  was  placed  over  the .center  of  the  bed. 

'      Data.  Appearing  in  Summary 

Because  non-uniform  flow  prevailed  in  the  majority. of  these  tests,  the 
results  are  not  comparable  to  other  bed-load  investigations.    It  is  also  believed 
that  the  velocity  distributions,  as  measured,  more  nearly  represented  conditions 
for  flow  over  the  concrete  bed  of  the  flume  upstream  from  the  sand  pit  rather 
than  flow  over  a  bed  of  granular  material.    In  view  of  these  various  limitations, 
the  b.'asie  data  from  these  tests-  were  not  considered  applicable  to  the  general 
problem  of  bed-load  transportation  and  bed  roughness.    More  specifically  the 
data  give  information  on  scouring  velocities,  and  hence,  are  not  summarized  in 
this 1  compilation  ' of  flume  data.     ,  v-; , 


Figure  15 


Figure  16 


I 
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EXPERIMENTS  BY  TS-YUN  LIU 


These  experiments  (24-)  were  made  at  the  University  of  Iowa  Institute  of 
Hydraulic  Research. 

Experimental  Equipment  and  Measurements 

The  tests  were  conducted  in  a  wooden  f lune  32  feet  long,  32  inches  wide, 
and  16  inches  deep,  and  lined  with  one-eighth-inch  wall  board  (fig.  17)* 
A  false  wooden  floor  18  feet  long,  with  a  recess  9  feet  .10  inches  long,  2  feet 
wide,  and  2  inches  deep  for  holding  materials  to  be  tested,  was  constructed  on 
the  bottom  of  the  flume.    A  smooth  cement  mortar  approach  was  constructed  at 
the  upper  end  of  the  false  floor, 

Discharge  was  measured  by  a  calibrated  90°  V-notch  weir.    Elevations  of 
sand  and  water  surface  were  measured  by  a  point  gage  mounted  to  slide  on  rails 
fastened  to  the  top  of  the  flume.    Velocity  distributions  were  measured  during 
each  test  by  means  of  a  Pitot  tube. 

Materials  Tested 

Commercial  sand  from  the  Iowa  River  at  Iowa  City  was  screened  into  4  grades, 
designated  by  the  numerals  I  to  IV  (items  98-103,  table  1) ,    Material  V  was  a 
mixture  of  I  and. II  and  material  VI  was  a  mixture  of  III  and  IV.    The  physical 
properties  of  the  various  mixtures  are  summarized  in  table  14,  and  their  mechanical 
analysis  curves  are  shown  in  figure  18, 


Table  14 — Summary  of  physical  properties  of  materials  tested  by  T.  Y.  Liu 


Specific 

Mean 

Uniformity 

Mixture 

gravity 

Size  limits 

diameter 

modulus 

Millimeters 

Millimeters 

2.66 

2.362-6.680 

4,4 

0.72 

2.66 

2,362-4.699 

3.4 

.71 

2.66 

,589-3.327 

2.3 

.68 

2.66 

.295-2.362 

1-4 

.67 

2.66 

2. 362-6. 680 

.  -v  3.6 

.66 

2.66 

.295-3.327 

1.8 

.58 
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Experimental  Procedure 

With  the  slope  adjusted  to. a  desired  value,  the  material  to  be  tested  was 
thoroughly  mixed,  placed  in  the  recess  in  the  false  floor,  and  the  surface  made 
level  with  the  flume  bed.    The  discharge  was  started  and  increased  slowly  until 
bed  movement  started.    The  depth  of  the  flow  was  regulated  by  the  tail  gate  to 
maintain  uniform  flow  conditions  at  all  times.    After  data  on  depths,  slope, 
rates  of  discharge,  and  velocity  distribution  had  been  recorded  for  conditions 
that  appeared  to  be  competent,  the  rate  of  flow  was  increased,  the  tail  gate 
was  raised  to  maintain  essentially  uniform  flow,  and  the  rate  of  bed-load  trans- 
portation, in  addition  to  the  other  factors,  was  measured. 

Early  in  the  testing  program  it  was  found  that  the  velocity  distribution 
curves  at  the  upstream  end  of  the  sand  bed  differed  materially  from  those  at 
the  downstream  end  of  the  bed  due  to  differences  in  the  roughness  of  the,  approach 
and  the  bed  itself.    The  irregularities  in  the  bed  configuration  resulting  from 
such  conditions  were  reduced  by- screens,  .tacked  to  the  smooth  floor  of  the  flume. 

Data  Appearing  in  Summary 

With  the  exception  of  those  runs  in  which  no  sand  movement  was  recorded, 
all  the  data  appearing  in  table  4-  (pp.  17a-17z)  of  the  original  paper  were  used 
in  preparing  the  summary  presented  in  table  36. 

In  reducing  the  original  data  to  that  appearing  in  table  36,  the  same 
procedure  as  outlined  in  the  sample  calculation  (pp.    5  to  7)  was  followed.  In 
computing  the  hydraulic  radius  of  the  bed  (column  10)  Manning's    n    of  the  side 
walls  was  assumed  to  have  the  value  of  0.011.    It  will  be  noted  that  calcula- 
tions have  not  been  recorded  for  some  of  the  data  in  table  17c  because  the  slope 
measurements  as  recorded  probably  were  not  the  slope  of  the  energy  gradient  and 
absurd  values  of  bed  roughness  were  obtained. 

, EXPERIMENTS  BY  J.  BOGARDI  AND  G.  K.  YEN-  . 


These  experiments  (38)  were  made  at  the  University  of  Iowa  Institute  of 
Hydraulic  Research. 

-  Experimental  Equipment  and  Measurements 

The  tests /were  conducted  in  a  wooden  flume  used  previously  by  Te-Yun  Liu 
(see  p.  31).    For  the  first  part  of  the  tests  the  flume  was  used  with  the  origi- 
nal 33-inch  width  as  shown  in  the  upper  part  of  the  figure  19.    The  flume  later 
was  contracted,  by  means  of  2  parallel  partition  \valls,vto  a  width  of  12  inches 
as  shown  in  the  lower  part  of  figure  19;     •    •■  .   ,  . 

.  "  In  the  wide  flume  a  false  wooden  floor  19  feet  long,  with- a  recess  10  feet 
long',  2  feet  wide,  and  3  inches  deep  for  holding  materials  to  be  tested,  was 
constructed  in  the  bottom  of  the.:  flume.    In  the  narrow  flume  the  sand,  bed  covered 
the  total  width  of  the  flume. 

Discharge  was  measured  by  a  V-notch  weir,  and  velocities  were  measured  by 
means  of  a  Pitot  tube.    Elevations  of  sand  and  water  surface  were  measured  by 
a  point  gage  mounted  on  a  movable  frame. 


Figure  17 
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Material  Tested 

A  natural  mixture  of  well-rounded  material  was  obtained  from  Muscatine, 
Iowa,  and  screened  into  3  grades,  designated  by  the  numerals  I  to  III  (items 
104-106,  table  1) .  The  physical  properties  of  these  3  unigranular  materials 
are  shown  in  table  15^  and  their  mechanical  analysis  curves  are  shown  in  figure  20, 

Table  15.— Summary  of  physical  properties  of  materials  tested  by  Bogardi  and  Yen 


Material 


Specific 
gravity 


Size  limits 


Mean 
diameter 


Uniformity 
modulus 


I... 

XI.. 
Ill, 


2.63 
2.61 
2.64 


Millimeters 


7.83-12.80 

5.82-7*88 

.12.80-17.58 


Milli- 

meters 

10.56 
7.12 
15.49 


0.86 
.75 
.86 


Experimental  Procedure 

With  the  slope  adjusted  to  a  desired  value,  the  material  to  be  tested  was 
thoroughly  mixed,  placed  in  the  recess  in  the  false  flow,  and  the  surface  made 
level  v/ith  the  flume  bed.    The  discharge  was  started  and  increased  slowly  until 
bed  movement  started.    The  depth  of  the  flow  was  regulated  by  the  tail  gate  to 
maintain  uniform  flow  conditions  at  all  times.    After  data  on  depths,  slope, 
rates  of  discharge,  and  velocity  distribution  had  been  recorded  for  conditions 
that  appeared  to  be  competent,  the  rate  of  flow  was  increased,  the  tail  gate 
was  raised  to  maintain  essentially  uniform  flow,  and  the  rate  of  bed-load  trans- 
portation, in  addition  to  the  other  factors,  was  measured. 

To  equalize  the  velocity  distribution  and  roughness  conditions,  the  false 
wooden  floor  upstream  from  the  sand  bed  and  the  two  side  borders  along  the  sand 
bed  in  the  wide  flume  were  covered  with  three-quarter- inch-mesh  screen. 


Data  Appearing  in  Summary 

With  the  exception  of  those  runs  in  which  no  sand  movement  was  recorded, 
all  data  appearing  in  tables  6  to  10,  inclusive,  of  the  original  paper  were  used 
in  preparing  the  summary  presented  in  table  37. 


In  reducing  the  original  data  to  that  appearing  in  table  37,  the  same  pro- 
cedure as  outlined  in  the  sample  calculation  (pp.  5  to  7)  was  followed.    In  com- 
puting the  hydraulic  radius  of  the  bed  (column  10)  Manning's    n    of  the  side 
walls  was  assumed  to  have  the  value  of  0.011. 
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EXPERIMENTS  BY  M.  P.  O'BRIEN 


This  investigation  (27),  authorized  by  a  War  Department  Special  Board  of 
Engineers  in  connection  with  beach-erosion  investigations  at  the  mouth  of  the 
Columbia  River,  was  conducted  at  the .University  of "Calif ornia  under  the  direction 
of  M.  P.  O'Brien.    The  report  describes  a  laboratory  study  of  the  rate  of 
transportation  of  material  forming  the  bed  of  the  Columbia  River. 

Experimental  Equipment  and  Measurements  .  . 


The  experimental  flume  was  43  feet  long,  3  feet  wide,  and  18  inches  deep, 
with-  slope  adjustable  by  means  of  screw  jacks.    The  transported  material  was 
caught  in  a.  sand  trap  12  feet  long,  consisting  .of  reversed  vanes'  extending 
across. the  channel. \    A  weighing  pan, located  below  the  Vanes    permitted  con- 
tinuous-weighing- of -the  transported  material,      "  7 

The  flow  in  the  circulating  water  system  was  measured  by  means  of  a  stand- 
ard orifice  and  compared  with  a  rectangular,  sharp-crested  suppressed  weir. 
Tfater-siirface  elevations  were 'measured  by."  means' of  point  gages  located  along 
the  center  line  of  the  flume.1  Bed  elevations  and  water  depths  were  observed 
on  cloth  tapes  fastened  to  the  channel  side"  walls.    The  profile  of  the  bottom 
along  the  center  line  was  measured  after  each  run  by  means  of  a  surveyor's 
level.    Suspended-load  samples  were  taken  by  means  of  a  suction  tube  with  a 
funnel-shaped  opening.    Water  velocities  were  measured  by  floats  and  miniature 
current  meters. 


Material  Tested 


The  sand  tested  was  dredged  from  the  Columbia  River' at  lower  Tanna  Bar  in 
34  feet  of  water  (item- 107,  table  1).    The  physical  properties  of  this  material 
was  ••summarized  in  table  16,  and  its  mechanical  analysis '  curve  is  shown  in 
figure  21.  « 


Table  16. -—Summary  of  physical  properties  of  Columbia    River  sand 


■  Diameter 

Mate- 
rial 

Specific 
gravity 

Size  limits 

Phi  aritb-' 
Mean    metic  mean 

Phi  stand- 
ard devia*- 
tion 

Colum- 
bia 
River, 
sand 

2.57 

Millimeters 
0.127-1.168 

• 

Milli- 
meters 
O.366  +1.41 

- 

0.56 

Uniformity 
modulus 


0.486 


Figure  21 
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Experimental  Procedure 

At  the  beginning  of  a  series  of  runs  the  bed  was  smooth.    The  discharge 
was  increased  by  steps  until  the  bed  material  just  started  to  move.  Furth'er 
increases  were  made  up  to  the  maximum  practicable  velocity,  and  then  the 
discharge  was  decreased  by  steps  until  sand  movement  ceased.    The  length  of 
eadh  run  varied  with  the  rate  of  sand  movement.    At  high  rates  of  transportation 
the  sand  trap  filled  so  quickly  that  the  material  could  not  be  weighed  during 
the  run  and  it  was  nece'ssary  to  bring  the  flow  and  depth  to  the  desired  value 
very  quickly,  make  the  necessary  observations,  and  then  shut  down  abruptly. 
At  low  rates  of  movement,  changes  in  the  bottom  occurred  gradually  and  measure- 
ments did  not  need  to  be  made  simultaneously,  but  the  length  of  run  had  to  be 
as  much  as  seven  hours  to  attain  the  desired  accuracy  in  weighing. 

Three  series  of  runs  were  included  for  approximate  depths  of  0.3,  0#5, 
and  1.0  foot. 

The  slope  of  the  energy  gradient,  as  recorded  in  the  original  report,  was 
calculated  from  observed  values  of  bed  slope,  water-surface  slope,  depth,  and 
discharge. 

The  bottom  slope  was  maintained  at  a  constant  value  of  0.001  for  all  runs 
except  run  No.  30.    For  this  run  the  bottom  slope 'was  0*002* 

*  Data  Appearing  in  Summary 

Experimental  data1  appearing"  in  tables  I  and  II  of  the  original  report  are 
summarized  in  table  3&*    Data  are  tabulated  for  only  those  runs  in  which  the 
critical  conditions  were  exceeded  and  'the  'rate  of  sand  movement  recorded'.. 
Computations  were  made  according  to  the  sample  calculation  on  pages  5-  to  7* 

*  EXPERIMENTS  Bt  C . ' A .  WRIGHT 

At  the 'request  of  the  United  States  Bureau  of  Reclamation,  tests  (37)  were 
made  by  the  National  Bureau  of  Standards  hydraulic  laboratory  to  obtain  an  ex- 
perimental' comparison  of  the  scour  produced  in  a  bed  of  fine  sand  in  a  sloping 
flume  by  muddy  water  and  by  clear  water,  in  an  attempt  to  simulate  the  condi- 
tions existing  in  the  Colorado  River  at  Boulder  Dam  before  and  after  construction. 

Experimental  Equipment  and  Measurements 

.   The  tests  were  made  in  a  wooden  flume  20  inches,  wide,  18.  inches  deep,  and 
40  feet  long,  with  adjustable  slope  (fig..  22).    The  test  sane!;  bed  was  placed 
in  the  flume  opposite  a  glass  .panel',  section  8  feet  long.    Water  levels,  were  con- 
*  trolled  by  means  of  a  tail  gate  and  were  measured  by  means  of  a  point  gage 
traveling  on  the  top  of  the  flume.    For  the  muddy-water  experiments,  kaolin  was 
added  to  the . supply  basin  and  was  thoroughly  stirred  Into  the  water  being  pumped 
through  the  flume .  . 
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Vertical  velocity  curves  were  measured  occasionally  with  a  simple  glass' 
Pitot  tube. 

Mat s rials-  Tested 

A  quantity  of  typical  Colorado  River. sand  .(item  III,  table  I)  from  Yuma, 
Ariz.,  was  sent  to  .the  laboratory  for  the  tests*    As  this  sand  appeared  -too. fine  ] 
to  be  . used  in  developing  the-  experimental  procedure,  a;  local  commercial  fine; 
sand  referred  to  as  "asphalt  sand"  (item  108,  table  1),  also -was  obtained.  The 
asphalt,  sand  later  was.,  divide^  into  -coarse"  and  fine  portions :  (items  109-110, . . 
table  1)  by;  means  of  a -United  States  Standard  No*  70  sieve  (0.21  mm.).    To  simu- 
late i the  suspended  load,  a  .kaolin  from  Georgia  was  .used,  •  -,, 

The  physical  properties  of  the-' various  materials  are  summarized  in  table  17. 
Figure"  .23'  shows  the  mechani.cal  analysis  curves  for  the  Colorado  River  sand: and 
the  asphalt  sand  before  screening.-  -      '  "      .  ;!.?z 

Table  17.~*-Summary  of  physical  properties  of.  rmate rials  ^tested  in  scour-  exp.eri—  - 

..    ments  of  C.  A.  'Wright 


Material 


Size  limits 


. Mean  .  , 
diameter 


Uniformity 
modulus " 


Asphalt  aand,  clear  water   

Asphalt  sand  passing  *No.  70  sieve, 

clear  water  

Asphalt  sand  retained  on  No.  70 

sieve,  clear  water.  

Asphalt  sand  retained  .on  No.  70 

sieve;,.  undispersed  with  kaolin....  *V 
Asphalt  sand  retained  with  No. 70- 

sieve,  dispersed  with  kaolin. .......  j 

Colorado  sand,  clear  water,  | 

Colorado  sand,  with  undispersed  kaolin 


Millimeters 
0.043-1.651 
0.000-0.210 
.210-1 .651 
.210-1.651 

.  .210-1.651 
0.000-0.417 
0.000-0.417 


Milli-  :" 
meters 
0.136 

.204 

,  -.384 

.  :  »342 

.398 
.107 
v  .109 


0.333 


.50 
.50 


Experimental  Procedure  ;  | 

Wet  sand  was  placed  in  the,  bed  recess  and  the  surface  made -smooth  with  a 
trowel.  ■  TJhe  tail  gate  was  set;>-  and  the  supply' valve  adjusted  until  the  Aslope 
of  the.  water  surface  y*as  approximately  -parallel  to .  that  of  the  bed'*;  .  The  scouring 
and  rif  fling  of  the  sand  bed;  were  studied  through  the  glass  wall  panel.    At  the 
end  of  ..an  hour  the  experiments  was  stopped,  the  flume  drained,  and  the  character- 
istics ■  of  the-:  bed  noted.    Samples  of  the  bed  material : and . trapped  material  were 
taken  for  analysis.  ...  :,.         .  :: i 

For  the  muddy-water,  experiment," '  the  sand  bed  in.  the.  flume  lAras,"  settled  in 
muddy  water./  and  the  clay  in  the,  supply  basin,  was  stirred  thoroughly  before  esch"! 
experiment.'-  Four  samples  of  the  suspended  load  were  taken  during  the  experiment*' 

Data  Appearing  in  Summary  .-  M 

During  these  experiments  no  bed    material    was    added  at  the  upper  end  of 
the  flume  to  replace  the  material  scoured  from  the  bed  and  transported  to  the 
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sand  trap.  .-Because  of  the  relatively  ,  short  length  cf  the  san^  bed,:  it  is  believe 
that  the  velocity. distribution  as  measured,  more  nearly' represented  conditions 
for  flow  :over  the  concrete  bed  of  the  flume  upstream  from"  the 'sand  bed,  rather 
than  flow;  over  a  bed  of  granular  material.    In  view  "of  these  various  limitations, 
the  basic  data  from  these  tests  were  not  considered  applicable  to  the  general 
problem  of  bed-load  transportation  and  bed -roughness,,  and  hence  are  not  summariz 
in  this    compilation  of  flume  data.  ! 


;  ;  y-r-.        -  ,..  LIOTCK  ..,BANK_  P&OTEQTION  STUDIES  ;    ,  ; 

This  series  of  experiments  (4-8)  was  made  at  the  Linton  hydraulic,  laboratory . 
Portland,  Ore.,  to  obtain  laboratory  data  more . applicable  than  those  available1' 
on  the  movement  of ,  the.  larger  sizes  of k  stones  in  -flowing  water  and , the .  yelocitie 
required;  to  movei  various  •  sizes.  ;    •  V'  ,''  ,  .'_•'  *  '  , 

I-  Experimental  Equipment  and  Measurements'  '   "  .  " 

The  facilities  provided  ccnsi'sted'  of  a  fixed  bed  flume  6  feet  wide,  5  feet 
deep,  and  about  130  feet  long,  with  an  available  water' supply  of,  70  cubic  feet: 
per  second.    A  movable  bed  4-5  feet  long  of  various  sized  stone,  j with  suitable  jr..'. 
transitions  up  and  downstream,  was.  placed  in  this  flume  (fig*  24.),"  and  the 
velocities  that  caused  "general  movement"  of  the  bed  were  observed.    For  some  of 
the  experiments -a -transverse  slope  from  the  Renter  of  the  flume  of  1  on  1-1/2  or 
1  on  2  was  given  to  the  bed.    "For  stone  larger  than  3  inches',  the  bed  was  -  shorter 
ed     to;  10  feet  in  length,- -and -  the  .high,  velocities  required  were  obtained, by  > 
installing  an  adjustable  weir  with  a  sloping  downstream  face  just  upstream  from 
the  bedf  (fig.;2£).  •.  -.-   :-,  - 

The  discharge  was  measured  by  the  two  6— foot  rectangular  weirs,  and  ; 
velocity  distributions  were..measured  by  means  of  a  Hoff  current^  meter.  The 
water  surfaces  in  the  flume  were  usually  determined  by" piezometer  connections  , 
and  a  hook  gage.  (figs.  24^  and  25). 

Materials  Tested  \  ;•; 

The  materials  tested  in.  these  experiments  consisted  of  both  well—rounded 
gravel ; and  -angular  crushed '.-Stone.,  {The  materials  were  segregated  into-uni- 
angular  sizes  by  'mean's  'of  "a  "  series  of  sieve's      The  physical'  properties;  ;of  the 
various,  sizes  tested  are  summarized  in  table  1, (items  112-137).  "-]  ;' 

j    ..  .:,    .  .  -       :     Experimental,  Procedure  •  :' 

Preliminary  to-  the- -tests  on,  .stone  movements,  a  series  of  stone-dropping  -  - 
experiments  was  made-  to  determine  the  downstream  drift  of  the  stones  before 
striking^  bpt torn,  t  arid'; of  the  distance  moved  after  striking  the  bottom.  T|iese 
stbne-dr'oppi.hg' experiment-Sf'.we-re--  similar  to,  the  experiments,  described  in  United 
States  Wat enyays.- Experiment  Station-  Technical  Memorandum  No.  69-1  (see  p.,  24.). 

The  . stone— movement  experiments  were' divided1  into  two  main  groups.  jThe 
first  igroup  was  carried  but  using--;  a;  45*foqt  movable,  bed.  (fig.  "2'4) .    The  ■■material 
composing..... the.  movable  bed  was  ""carefully  placed  in  ii  he- 'flume  to  <  prevent  i segre- 
gation of  f.si.ze..  ...  ;...Ptrior  to  each  run,  the' material  was  screened;  by  means  of 
wpode^  tieniplatfe s ? running 'oh  removable 'straight  edges  fastened  to  the  si<£e  of  the 
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flume.    The  thickness  of  the  movable  bed  varied  from  8  to  14  inches. 

For  each'  experiment,  one  run  was  made  by". first  filling  the  flume  slowly,  and 
gradually  increasing  the  depth  until  intermittent  movement  occurred.    The  pro- 
cedure for  additional  runs  -  consisted  of  filling  the  flume  to  the  desired  depth 
(1,  2, .or  3  feet)  and  gradually  increasing  the  discharge,  while  maintaining  that 
depth  until  movement  occurred.  .  , 

After  establishment  of.  the  critical'  conditions  causing  movement,  each  run 
was-  continued  for  a  definite  period- of  time,  usually  two  hours.    During  this 
time  velocity  distributions  were  measured  at.  two'  sections. 

The  second  group  of  stone-movement  experiments  was  carried  out  using  a  10- 
foot  movable  bed  placed  below  an  adjustable  roof  weir  temporarily  constructed 
within  the  flume  (fig.  2$).    This  arrangement  permitted  larger  sizes  of  gravel 
and    crushed  rock  to  be  moved  than  was  possible  with  the  longer  bed.    The  genera' 
procedure  of  carrying  out  these  experiments,  however,  was  similar  to  that  alread 
described  for  the  45~foot  movable  bed. 

In  neither  case  was  material  added  at  the  upper  end  of  the  movable  bed  to 
replace  that  transported  out  of  the  lower  end. 

Data  Appearing  in  Summary 

■  As  these  experiments  were  primarily  a  study  of  scour,  similar  to  the  studie 
of  Liu  and  Carter  (42)  (p-29)    and  Wright  (37),  and,  therefore,  are  not  com- 
parable with  other  experiments  on  bed—load  transportation  and' bed  roughness,  non 
of  the  experimental  data  have  been  ^summarized,  according  to  the  standard  method  1 
described  on  pages  5  to  7,    ,  A  brief  summary,  however,  of  the  more  general  resul 
of  the  experiments  is  given  in  table  18. 

EXPERIMENTS  BY  F.  SCHAFFERNAK 

This  series  of '  experiments  (32)  was  conducted  at  the  Versuchsanstalt  fur 
Wasserbau,  ' Vienna,.,  and  was  intended,  to  give  information  on  the  relation  between 
the  capacity  of  a  stream  and  its  bottom  velocity. 

Experimental  Equipment  and  Measurements 

The  experiments  were  conducted  in  a  glass-walled  channel  100  centimeters 
wide  (fig.  26).    Water. was  discharged  through  a  bottom  sluice^ 5  centimeters 
high,  across  the  width  of  the  channel  and  flowed  In  a  thin  sheet  over  a  planed 
wood  floor  100  centimeters  long  between  the  sluice  and  a  pit  containing  the 
material  under  investigation.    The  sand  pit  Was  50  centimeters  long  and  was  pro- 
vided with  5  transverse  plates,  supporting  sand,  which  could  be  raised  to  main- 
tain the  sandv-surface  level  with  the  approach  floor.    Sand  moved  was  caught  in  a 
settling  basin  at  the  lower  end  of  the  channel, 

■      "   ':  '  ..'.     '   Material  Tested 

Materials  used  in  the  tests  (items  138^169,  table  1)  were  obtained  from  the 
Danube  River  at  .Vienna,  and  they  had  a . mean  specific  gravity  of  approximately  2. 
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The  material  was  first  separated  on  sieves  ranging  from  3  to  100  ;millimete,rs 
clear  opening  and  then,  as  required,  was  recombined  according  to  the  U  types  of 
gradation  curves  described'  as  follows  and  shown  graphically  in  figure  26:  " 

Material'  of  ''uniform.  $ize. .The;  sizes  .'tested  were;  5,  10,  12, .  14, 
16,-  20,  25,  ;  30,  .50,  and  -70 ■.  millimeters  in  diameter.  . 

Mixture  having' little  fine  material  .and  relatively  large  proporti 
of  course  particles.    Seven  mixtures  made  from  particles,  ranging  , 
in  size  from  0  to  3,  0.  to  5y  0  to  10,  O  to  16,' 0  to  20,  0  to  30,  j 
and  0  to  50  millimeters  were  used1...  :  JJ-SfuS 

■  ■  ~" 

Uniformly  graded  mixture.    Seven  mixtures  with  the  same,  range  in 
particle  sizes  as  type  II  were  used*  • 

Type  IV.    Mixture  having    little  coarse  material  and  a 'relatively  large 

proportion  of  fine  materials.    Seven  mixtures  with  the  same  range] 
.  in  particle  sizes  as  "type  . II;  were  used.  '.  J) 

Both  round  and  flat  grains  were  used  in  the  experiments. 

Experimental  Procedure '  •:■  •'•  ' 

Schaffernak  was  attempting  to  simulate  conditions -:exi sting  near  the  bottom  | 
of  a  channel,  and  the  average  velocity  of  his  5    centimeter  layer  was  to  ,  c.orre-* 
spond  to  the  bottom  velocity  in  an  open  channel.    The  experimental  procedure 
consisted  of  ,  increasing  the  head  on  the-  supply  tank:  until*  the- velocity  along  the 
bottom  just  started  material  to- move'.' ,  The  . velocity  was ^  then-  increased-  in  -steps 
and  the  rate  of  removal  of  'material,  weighed....  , ;  The/ surf  ace  '-of  the' sand  was  always, 
kept  flush  Tri-th  the  level '  of  the'  approach  •sectibhi  ■'■  :  h      *'  '  •.,  .  ■ 

,  Data  Appearing  in  Summary 

Schaffernak' s  method  of  generating,  his- velocity "u^db-ubtedly  must  cause  a 
varying  velocity  distribution  throughout  the  length  of  the  channel.  Furthermore 
it  is  doubtful  if  the  velocity  distribution  in  his  5- centimeter  depth  of  -flow  ; 
would  correspond  to  the  velocity  distribution  in( &c  5~cehtimeter  layer  hear  the.  ] 
bottom  of  a- deep'  stream.  '  His'  data  on",  the  larger  sizes- of  materials',  ('greater  -tha; 
16  mm.)  that  were '  large  in-  comparison  -.with  the,- 5-centimeter  depth,  are  of  doubt  f> 
value . 


In  view  of  these  considerations,  which  indicate  that  Schaffernak* s  data 
give  information  merely  on  scouring  velocities  and  yield' no  information- that  is, 
comparable. wit h:  other  experiments  on,  bed-load  transportation  and  bed . roughness, 
the  basic  data,  are  -  not  summarized,  according,  to  .the  .standard  method  cf.  this  re.por 

For  a  brief discussion  in/English  of  Schaffernak* s  conclusions the  readeisl 

is  referred  to' the  publication  of  .'Mavis,  Ko,  and  Tu  (23)  .  ' 

EXPERIMENTS  *BY  E.  MEYER-PETER 

These  experiments  (10,  25)  were , made  -in  the .hydraulic  laboratory  of  the  • ;  -1 

Federal.  Institute-  of ;  Technology.,  '  ^urlcfi,,,  Switzerland,  'i  ^ 
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Experimental  Equipment  and  Measurements 

"  .  The",  tests  were  conducted  in.' a'' flume '2.0  by  2.0, meters  in  section,.,  50  meters 
long, .  with  in '  effective,  length, ..pi* '28  meters,  and'  with  a.  pieaomeie'r.  arrangement'  '. 
for'  measurement'  of  the _; water"  surface  and  "bed  (fig.  27)  .'  Water,  was:,  circulated  .  ". 
in  the  system  by  2  pfopelier-type  •  pumps .    Discharge's  lap  to  5  cubic  meters ".  per  ' ",'.'. 
second  (177  c.f.s.)  could  be  obtained  and  were  measured  by  a '5-foot  diameter  ante 
matic  recording  Venturi  meter.    Determination  of  the  position  of  the  water  surfac 
was  made  by  5  piezometer  tubes  which' tapped  into  the- flume  under  the  bed.  Adjust 
ment  of  the  depth. of . flow  was  made  by  regulating  the.  volume .  of  water  in  the 
system.?' 'An  automatic  variable-speedy  sand-feeding  device '.  of  4~.cu'bic-meter_ 
capacity. was  located  at  the  entrance  end  of  the. flume..    A"  settling  hopper  oh  the 
lower'  end  of  the  flume  .'had,  a  capacity  of  .3*5  .cubic  ,  meters'.  ....  '."";,      .■'"',    •        '/ ' 

Material  Tested 

Various  uniform  grain  sizes  of  gravel,  coal,  "and" "barite  were  tested  (items 
170-173*  table  1).  Two  sizes  of  gravel  were  used.    One  size  with  a  mean  grain  siz 
of  28.6  millimeters  was  that  material  passing  a , 34-millimeter  sieve  and  retained 
on  a  24-miilimeter.  sieve..  .  The' other  and  smaller',',  size  of.  gravel. wAs'4V""1;  times, 
smaller  than  the  larger,  size,    It  had  a'  mean  diameter;- of      21  millimeters'  and 'was 
obtained  by  sieving"  between  6  and  4 .25-millimeter  sieves*    A  single' size  of  coal 
(sp.  gr.  1.25)  and  of  barite  (sp.  gr.  4*22)  was  prepared  by  sieving  the  materials 
through  6  and  4 • 25-millimeter  sieves,  the  mean  grain  diameter  thus  being  5.21 
mill  imet  e  r  s ,  the  same-  •  as  the--  -smaller  size-  -of  •  grave  1-.-         -  - - 

The-  physical  properties  of .the  various  materials  tested  are  shown" in ; fable  19 • 

Table':  19. --Summary  of  physical  properties'  of :  materials  tested  at.  the  Swiss 

Federal  Institute  of ''Technology; 
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Experimental  Procedure 


With'  a  particular  material  in  the  flume,  water  was  circulated  at  a  Chosen  - 
discharge  and  depth  until  no  systematic  bed  changes  appeared  to  occur.  An 
experiment  was  then  started  and  usually  consisted  of  eight  or  more  runs  in  which 
measurement  of  slope,  discharge,  rate  of  transportation,  and  condition  of  bed  waj 
made.     The  duration  of  normal  run  corresponded  to  the  time  required t o  feed 
2.8  cubic  meters  of  material  into  the  upper  end  of  the  flume,  but  in  no  case  did 
a  run  exceed  6  hours.    Experiments  with  water  depths  above  0.5  meter  were  repeat- 
for  2  different  entrance  conditions,  that  is,  degrees  of  turbulence.    Runs  were 
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started  and  stopped  by  suddenly  starting   and  stopping  the  pumps. 

The  only  deviation  from  similitude  (Froude)  between  the  large-scale  experi- 
ments (material  28.6  mm.  in  diameter)  and  the  small-scale  experiments  (material 
5.21  mm.  in  diameter)  was  in  the  roughness  of  the  flume  side  walls.    By  eliminai. 
tion  of  the  side-wall  effect,  however,  similarity  between  those  forces  acting 
only  on  the  bed  was  obtained. 

Data  Appearing  in  Summary 

Because  of  unsettled  European  conditions,  permission'  to  include  the  basic 
data  obtained  in  these  experiments  has  not  been  obtained  and  consequently  is  not 
included  in  this  summary.    These  data,  however,  have  been  used  by  H.  A.  Einstein 
in  preparing  his  recent  publication  on  bed-load  transportation  (10). 


EXPERIMENTS  BY  HANS  KRAMER. 


This  study  (20)  was  made  at  the  Prussian  Experiment  Institute  for  Hydraulic 
Engineering  and  Shipbuilding,  Berlin,  for  the  purpose  of  determing  a  suitable 
bed  material  for  the  modeling  of  rivers  in  which  bed  load  is  in  motion  at  the 
lowest  stages. 

Experimental  Equipment  and  Measurements 

Ah  open  flume,  14  meters  long  and  of  rectangular  cross  section,  80.7  meters 
wide* by  30  meters  deep,  was  used  for  these  experiments  (fig.  28).    The  vertical 
interior  walls  of  the  flume  were  art if i call y  roughened  with  grains  of  sand,  2 
to  3  millimeters  in  diameter,  sprinkled  on  a  coating  of  wet  oil  paint  to  which 
the  grains  adhered  after  the  paint  dried.    The  position  of  the  water  surface 
was  determined  from  piezometer  tubes  located  at  frequent  intervals  along  the 
flume.    Depth  of  flow  was  measured  by  a  point  gage.    Discharge  was  measured 
by  means  of  a  V-notch  weir. 

Sand  was  introduced  in  a  moist  condition  from  an  adjustable  distributing 
board  at  the  upper  end  of  the  flume.    This  distributing  board  also  served  as  a 
float  for  stilling  the  inflowing  water.    Sand  that  was  trapped  at  the  lower 
end  of  the  flume  was  measured  volumetrically  in  a  tin  vessel  with  a  capacity 
of  approximately  1  liter. 

Materials  Tested 

Mixtures  were  prepared  by  sieving  a  well-rounded  quartz  pit  sand  into  thre 
classes  (items  174-176,  table  1),  The  physical  properties  of  the  various  sand 
are  summarized  in  table  20,  and  their  mechanical  analysis  curves  are  shown  in 
figure  29.. 


Figure  28 
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Table  20. --Summary  of  physical  properties  of  materials  tested  by  Hans  Kramer 


Material 
N®. 

Specific 
gravity 

Size  limits 

Mean 
diameter 

Uniformity 
modulus 

Millimeters 

Milli- 

meters 

2.-70 

0,208-5.00 

■  0.705 

"  O.358 

2.70 

.•208*1;  77 

.558 

.461 

2.70 

.385-5.00 

■     ...  . 

.■800 

.414 

Experimental  Procedure 

Each  experiment  was  started  with  very  shallow  depth  of  flow,  which  was  in- 
creased gradually  to  permit  determination  of  the  point  at  which  bed-load  move- 
ment began.    With  further  increasing  depths,  observations  of  the  movement  of 
bee1  load  and  the  formation  of  sand  riffles  were  made.    The  depth  was  then 
observed  at  which  the  upper  limit  of  usefulness  of  the  mixture,  as  determined 
by  the  appearance  of  disturbing  sand  riffles,  was  reached.    The  depth  of  flow 
was  regulated  by  varying  the  discharge,  at  the  same  time  regulating  the  tail 
gate  to  maintain  the  required  constant  slope. 

Each  mixture  of  the  sand  was  tested  with  4  bottom  slopes,  1:400,  1:600,  1  :8C 
and  1:1,000.    The  water-surface  slope  was  maintained  constantly  equal  to  the 
bottom  slope. 

Data  Appearing  in  Summary 

Although  the  author  mentions  in  his  original  paper  that  the  rate  of  bed-loa* 
transportation  was  measured,  a  record  of  these  data  do  not  appear  in  his  table  ' 
of  experimental'  data,  hence,  a  summary,  compiled  according-  to-  the-  standard-  ■ 
method  described  on  pages  5  to  7  has  hot  been  made. 


EXPERIMENTS  BY-  H.  J'.  CASEY 


This  series  of  experiments  (4)  was  made  at  the  Prussian  Experiment*  T-nstitutf 
for  Hydraulic  Engineering  and  Shipbuilding,*  Berlin.      •  -  -  4  »  ■  ■ 

Experimental  Equipment  and  Measurements-     •  •  «   •  •  -  ■ 

The  experimental  flume  was  14  meters  long  by  40  centimeters  wide,-  and  50 
centimeters"  deep  with  glass  side  walls.  The -discharge  was  measured  by -a  V- 
notch  weir.  The  position  of  'the  water  surface  was  determined  -from  -piezometer 
tubes  located  at  1-meter  intervals  along  the  flume  bottom.  •  Depth  of  -flow  was 
measured  by  a  point  gage.  Measurements  of  depth  and  slope  were  made  in  -an 
8- meter  reach  in  the  center  of  the  flume.  Surface  velccities  were  determined 
by- float  measurement. 
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Sand  was  introduced  by  hand  uniformly  across  the  flume  at  the  entrance, 
in  quantities  equal  to  that  being  settled  in  the  sand  trap..    The  rate  of  bed- 
load  transportation  was  determined  by  volumetric  measurement. 

Materials  Tested 

Three  types  of  mixtures,  designated  as  A,  B,  and  C,  each  of  nearly  the 
same  mean  grain  diameter,  but  withj  widely  different  uniformity  modulus,  were 
used  (items  .177-193*  table  ^1) .    In  each  type  of  mixture',  3  group's  of  'grain-  size? 
were  used,  namely  group  I  (0  to  1.02mm.),  group  II  (0  to  2mnu)y  'and  'group  HI 
(0  to  3  mm.)  •    The  types  of  mixtures  were:  

Mixture  A.— A  mixture  of  many  fine  and  coarse  grains  but  few  medium— sized 
ones. 

Mixture  B.— ?A  mixture  with  a  > straight-line  distribution  curve. 

Mixture  C. — A  mixture  of  many  medium  grains  and  few  fine  ;q?'  coarse  'ones.- 

Eight  unigranular  materials  (items  .177-184,  table  1),  which  were  used  in 
preparing  the  mixtures  A,  B,  and  C,  also  were  tested*    The.  physical  properties 
of 'the  3 .mixtures  and  8  unigranular  materials  are  summarized  in  table ; 21, •  and 
their  mechanical  analysis  curves  are  shown  in  figure;  30. 

.Table  21. Summary  of  physical  properties  of  materials  tested  by  Hugh  J.  Casey 


Material  No, 


Size  limits 


Mean 
diameter 


Uniformity 
modulus 


a » f  • 
b . . . 
c  * .  * 

d.  . . 

e .  • . 

f.  .. 

g  •  •  •' 
h. . . 

IA.  . 

IIA. 
I  HA 

IB.  . 
IIB. 
IIIB 
IC. 
IIG. 
IIIC 


Millimeters 


.  0-0.25 
0.12-0.49 
.49-1.02 

..6&rl.02 

.75-1.20 
1.02-1.50 
1.20-2.50 
.1.50-3.00 
0.  -1.02 
-2  . 
-3 

-1.02 

—2  .: 

-3'.. 
-1..02 
-2 

-3  - 


0. 
0. 

0.' : 
0. 

0.. 

Or: 

0. 

0. 


Milli- 
meters 

0.175. 
.263 
.68 
.  ■■  .  ..87 
.938 
1.26 
-  •  1.747 
'  <2.455 
.50 
.  .92 
1.32 
.52 
.90 
1.37 
i  .53  ■ 
,  .90 


0.716 

.645 
.804 
.830 

.799 
.812 
.790 
.789 
.235 
.145 
.147 
.296 

♦  359 

♦  303 

.465 
.677 
.492 


Figure  30 
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Experimental  Procedure 

Each  experiment  was  started  with  a  shallow  depth  of  flow, ,  which  was  increased 
gradually  to  permit  determination  of  the  point  at  which  bed-load  movement  began. 
With  further  increasing  depths,  observations  on  the  rate  of  bed-load  movement  were 
made.    The  measurements  were  carried  out  with  rising  stages,  so  that  a  definite 
bed  formation  was  built  up.    Following  this  and  without  remolding  the  bed,  measure- 
ments were  made  for  the  falling  stage.    The  depth  of.  flow  was  regulated  by  varying 
the  discharge,  at  the  same  time  regulating  the  tail  gate  to  maintain  the  water- 
surface  parallel  to  the  slope. 

Each  of  the  3  mixtures  and  the  8  unigranular  sands  was  tested  with  at  least 
3  bottom  slopes  ranging  from  1:200  to  Is  1,200. 

Data  Appearing  'in  Summary 

VJith  the  exception  of  those  runs  in  which  no  bed-load  movement  was  recorded, 
all  the  data  appearing  in  appendix  B  of  the  'original  publication  v/ere  used  in 
preparing  the  summary  presented  in  table  39.'  .  It  is  to  be  noted  that  the  only 
experimental  data  appearing  in  appendix  B  were  for  1  unigranular  sand  (sand  h  at  3 
slopes,  1:200,  1:4.00,  and  1:£00)  and  1  sand 'mixture  (mixture  A-III  at  3  slopes, 
1:^00,  1:800,  and  1:1,200) .   'Although  the  data  for  the  other  sands  are  available 
upon  request  from  the  Prussian  Experiment  Institute,  unsettled  European  conditions 
have  prevented  procurement  of  this  material I 

In  reducing  .the  original  data  for 'sands  h  and  A-Hl  to  that  appearing  in 
table  39  the  same  procedure  as  outlined  in  the  sample' calculation  (pp.  5  to  7) 
was  followed.    In  computing  the  hydraulic  radius  of  the  bed  (column  10)  Manning's 
n  at  the  glass  sidewalls  was  assumed  to- have  the  value ■ 0.0080,  and. in  reducing 
the  rate  of  bed-load  transportation  from  a  volumetric  value,  as  recorded  in, the 
original  publication,  to  a  weight  value,  the  sand.:'.' was1  assumed  to  weigh  1.75 
grams  per  cubic  centimeter. 


EXPERIMENTS  BY  A.  SHIELDS 


This  series  of  experiments  (35)  was  made  at  the-  Prussian  Experiment  Institute 
for  Hydraulic  Engineering  and  Shipbuilding,  Berlin. 

Experimental  Equipment  and  Measurements 

The  rectangular  -wooden  flume  of  80-centimeter  width  used  by  Kramer  (see 
fig.  28)  was  used  in  the  experiments  on  barite  mixtures  I,  II,  and  III,  and  on 
brown  coal  mixtures  I,  II,  III,    For  the  experiments  with  barite  the  Trails  were 
made  of  lacquered  wood,  and  for  the  experiments  with  brown  coal,  the  walls  'were 
made  approximately  to  the  same  roughness  as ' the  bed  by  gluing  coal  particles  to 
the  walls. 

For  the  experiments  on  barite  mixtures  IV  and  V  and  the  amber  materials,  the 
rectangular  glass  flume  of  40-centimeter  width  used  by  Casey  (see  p.  43)  was  used. 

Measurement  of  the' position  of  the  bed  and -water  surface  was  made  by  means 
of  point  gages.    In  the  experiments  on  barite,  velocity  distributions  were 
measured  by  means  of  a  Pitot  tube .  - 
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Materials  Tested 

A  summary  of  the  physical  properties ' of  the' various  materials  tested  (items 
194-206,  table  1)  is  shown  in  table  22,  and  their  mechanical  analysis  curves  are 
shown  in  figure  31  •  '-'  ;- 

Table  22.**-Summary  of  physical  properties  of  bed  materials  tested  by  A.  Shields 


Material 

Specific 
gravity 

Size  limits 

Mean 
diameter  • 

Uniformity  . 
modulus 

Amber 

Brown  coal  I 
Do  II 

Tin  TTT 

Granite  fragments  I 
Do  :               II  ■ 
Do  III 
Barite  I 
Do  II 
Do  III 

,  Do    iv    ~  rr. , 
Do    v  ; 

Do  VI 

1.06 
1.27 
1.27 
j- .  <  1 
:  2.69 

.2.71 
2.70 
4.2 
4.I9 
4. -2 
4.25 
4.3 
.4.2 

Millimeters 

Milli- 
meters 

I.56 
1.77 
1.88 

<-  •  j  j 
.  2,44 
,'  1.23 
.85 
'3.44'  ' 
2.46 
-1.52 
.69 
•;    ,  >36 
:  2.70 

O.58 
.39 
•  39 

02  - 

■  .79   •  1 

.83  ,;" 

■  .81. 
■  .82 

•.78. 
.67 
.67 
.67 
♦68 

-0. 38^3.0 
.75-2.0 
.75-5.0 
.    .  • 
. '..  2 .    »~3 » 
1.02-1.5 

.75-1.02 
3»  •  ^4*  . 
2.  -3. 

1.  -2 
.49-  .75 

/•  .25-  .49 

2.  -5.  •: 

Experimental  Procedure  ■  ..' 

Each  material  was  .investigated  with  an  average  of  4  different  slopes.  "For 
each  slope  approximately  16  different  water  depths  were  obtained  by  gradually 
increasing  the  discharge  and  regulating  the  tail  gate.    Each  run  was  contincd 
until  the  bed  appeared  to.be  in:a  state  of  equilibrium  ..before  measurement  of 
depth,  slope,  and  rate  of  bed-load  transportation  was  made.    The  various  measure- 
ments were  made  similar  to  the  methods  of  Kramer    (  p.43)  and  Casey  (p.45). 

Data  Appearing  in  Summary 

Since  none  of  the  experimental  data  is  tabulated  in  the  original  publicatior. 
and  since  it  has  not  been  possible  t'o  obtain  the  data  from  the  Prussian  Expe  rimer 
Institute  because  of  unsettled  European  conditions,  a  summary  of  data,  according 
to  the  standard  system  described  in  pages  5  to  7>  of  course,  is  not  possible. 

EXPERIMENTS  BY  PANG—YUNG  HO 


This  investigation  (15),  which  was  conducted  at  the  Prussian  Experiment 
Institute  for  Hydraulic  Engineering  and  Shipbuilding,  Berlin,  consisted  of  three 
parts.    First,  studies  were  made  with  flat  materials  to  determine  the  nature  of  \ 
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their  movement,,  the- critical  conditions  for  movement,  and  the  rate,  of,  transpor- 
tation.   Secondly,  tests  were  conducted  on  a  rounded  material  to'  determine  the 
effect  of  temperature  on  rate  of  transportation*    Thirdly,  fall  velocity  ex- 
periments were  made  on  the  flat  materials  studied  in  the  "first  -part. 

. Experimental  Equipment'  -and  Measurements 

The  experimental  flume  was.  16  meters-  long,  .by  4-0. -'centimeters,  wide >  and  56 
centimeters  deep,  with'  glass  sidewalls.    The'  discharge  was  measured  by  a  V-notch 
weir.    The  position 'of  the  water  surface  was  determined 'from;  piezometer  tubes 
located  'at  frequent  intervals  along  the  flume.    Measurements  'of  the  depth- of  flo- 
weret made  by  point  gages  located,  at  5  points  along  the. center  line  of -the  flume* 
Surface' Velocities  were  determined  by  float  measurements.  : 

Sand  .was  introduced  by  hand  uniformly  across  the  flume^at  .  the  entrance,  in 
quantities  equal  to  that  being  discharged.  The.  rate  of  "bed-load  transportation 
was  determined  by  volumetric  measurement.  '  ,  ■ •i-'1-' 

•  -  ,  1.'  . 

-    .  Materials.  Tested '  ■ 


In  these  experiments  five  mixtures  of  flat " particles  and  one  mixture  of 
rounded  particles  were  used  (items  207—212,  table  1). 

The  flat  particles  were  -obtained  from  the  Ruhr  River,  ^  near  Aachen,  Germany, 
and  the  five  mixtures  (materials  I— V)  prepared  by  sieving'/-  Mixture  VI,  used 
in  the  temperature  experiments, was  a -rounded  quartz  sand.    A  summary  of  the. 
physical  properties  of  the  six  mixtures  is  shown  in  table  23,  and  the  mechanical 
analysis  curves  are  shown  in  figure  32.  ;. 

Experimental. procedure  , 

Each  experiment  was  started -with  a  'shalloxv  depth -of  flow,  ;which  was  in- 
creased gradually  to 'permit  determination  of  the  point- at  which  bed-load  move—  1 
ment  began.    With  further  increasing  depths,  observations  on  the  rate  of  bed- 
load  movement  were  made.*  The  depth  of  -flow  was  ,  regulated  by  varying,  the  discharg' 
at  the  same. tine  regulating  the  tail  gate  to  maintain -the  water  surface  parallel' 
to  the  bed  slope.  .  ' 

The  slope  of  the  bed  was  . ad justed  by  the  tilting  of  the  flume.    The  slope  oJ 
the  water. .surface  could  be  determined  both  from  readings  on  -the  piezometer  tubes 
and  on  the  point  gages.    The  following  slopes'  were'  used i 

Mixture  I..        1*100,  1:800,  1:600,  and .1; 300  ;r 

Mixture  II 1 :  8Q0,  .  lj  600,  1 : 300 
Mixture  .III.-  1:600,  1:300,  1:200 
v  -     Mixture  IV. —  1:1,000,  1:800,  1:600  ::  ■ ..  n 

Mixture  V.        1:300,  1..: 200  '   • .  ..  [ 

Mixture  VI.—  1: 1,000  •:"''  ;.;  u  3..  ">S;  "<■'■  ......       :-  } 

•  Data  Appearing  in  -Summary    ■  " 


With  the  .'exception  of  those  runs  in  which  no  bed-load  movement  was  recorded, 
all  the  data  appearing  in  tables  1  and  2  of  the  original  publication  were  used 


in  preparing  the  summary.    In  reducing  the  original  data  for  mixtures  I  to  V 
to  that  appearing  in  table    40  the  same  procedure  as  outlined  in  the  sample 
calculations  on  pages  5  to  7  was  followed.    In  computing  the  hydraulic  radius 
of  the  bed  (col.  10)  Manning's    n    of  the  glass  sidewalls  was  assumed  to  have 
the  value  '0.0080. 

In  those  experiments  on  mixture  VI  the  effects  of  viscosity  due  to  the  wide 
range  in  temperature  were  probably  appreciable,  in  which  case  the  Manning 
formula"    is  not  adequate  for  calculating  the  hydraulic  radius  of  the  bed.  In 
such  a  case  a  friction  formula  which  includes  a  factor  for  viscosity  must  be  use 
for  that  part  of  the  flow,  where  viscosity  forces  are  appreciable]  that  is,  for 
flow  in  contact  with  the  sidewalls.    A  formula  of  this  type  is  the  law  for  flow 
in  smooth  pipes,  the  application  of  which  is  described  by  J.  IT.  Johnson  (18). 
This  method  was  used  'in  the  calculation  of  the  hydraulic  radius  of  the  bed 
(col.  10) j  and  then  this  value  was  used  in  the  calculation  of  friction  velocity 
(col. 11),  Reynolds    number  (col,  12),  Manning's    n    (col.  12),  and  the* unit 
discharge  (col.  14). 

The  rate  of  bed—load  transportation  for  the  experiments  on  both  flat  and 
round  particles  was  determined  volumetrically.    In  reducing  these  volumetric 
values,  as  recorded  in  the  original  publication,  to  weight  values,  the  material 
was  assumed  to  weigh  1.75  grams  per  cubic  centimeter. 

Table  23. — Summary  of  physical  properties  of    materials  tested  by  pang- Yung  Ho 


Mixture 
No. 

Specific 
gravity 

Size  limits 

Mean 
diameter 

Uniformity 
modulus 

2.58 
.  2.58 
2.58 
2.58' 
2.58 

Millimeters- 

0.  -20 
2.-15 
2.  ~20 
.5-10 
2.  -10 
0.  -4 

•Milli- 
meters 

3.83 

4.64 

6.99  1 

2.18 

6.17 

1.55 

0.313 
.502- 

.530 
.372 
'  .624 
.371. 

■ 

-  EXPERIMENTS.. BY  Y.  $*;  CHANG 

This  series  of  experiments . (5)  was  made  at ; Victoria  University,  Manchester 
England.  ■ 


Experimental  Equipment  and  Measurements 

In  the  laboratory  flume  used  in  these  experiments  3  different  arrangements 
were  possible  (fig.  33):  (1)  A  uniform  channel  18  feet  long  and  12  inches  wide 
(2)  a  uniform  channel  18  feet  long  and  6  inches  wide;  and  (3)  a  uniform  channel 


Figure  33 
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12  feet  long  and  12  inches  wide,  followed  by  a  6-foot  length  of  channel  converg- 
ing to  a  width  of  6  inches  at  its  downstream  end.    A  point  gage,  Pitot  tube, 
and  template  for  smoothing  .the  bed  were  arranged  to  slide,  on-'  rails  on  "t*op  of 
the  flume.  1  '  .  , .""  V,.  ;■',;•'/;         :,,-;>  j,,,  :  | ;  •  •  :  .•  v  ' 

The  water  discharge  could,  be  measured  ei  ther  "by  means  of  .a  diaphragm  in  the 
feed  pipe,  or  volumetricaiiy    in  a  tank  at  .the  downstream  end  .of  the  flume,  - 

s 

Materials  Tested-  \ :  ,\ 

.   In  all,  12.  commercially  sieved  samples  were' tested' 'in  the  flume,  each  sample 
consisting  of  grains  of  more  or  less  uniform;  size  (items.  .213-224,  table  1).  The 
average  grain  diamete/r,. varied  from  8.090  millimeters,  for.  the-  coarsest  sample  to 
0.134  millimeter  for  the  finest*    The^ prinqipal. mechanical  properties  are.  listed 
in  table  24« 

Table  24. — Mechanical  properties  of  mate  rials..:  tested  by  Y.  !♦  Chang. 


Specific 

Mean  grain 

Sample  designation 

gravity 

diameter 

Millimeters 

2.547 

8.090 

2.558 

6.540 

2.567 

5.290 

2.590 

3.770 

'2. .633 

2.540 

2.634 

1.760 

.  2.640 

.886 

2.643 

.396 

2..  645  1 

.226 

2.053 

.289 

2.016  - 

.317 

3.890 

.210  " 

2.520  . 

■'■    a34  ;    ;  .: 

•  -  ■ 

Experimental  Procedure 

In  these  experiments  the  bed  was  always  molded  horizontally  instead  of 
hclined  to  the  same  slope  as  the  water  surface.    It  would  be  possible  to  correct 
■0  the  condition  of  uniform  flew  by  subtracting  the  loss  of  potential  head,  due 
0  the  acceleration  of  flow,  from  the  observed,  drop  of  surface  level;  however, 
't  was  the  author's  feeling  that,  over  a  riffled  bed,  any  such  correction  is 
eaningless,  for -the  surface  waves  are  of  the  saiae  order  of  amplitude  as  the 
iffles. 

In  beginning  a  test  run,  the  bed  material  was  first  placed  in  the  flume  in 
a  wet  condition  and  made  perfectly  level  and  smooth.  Flow  was  started  with  the  ., 
epth  controlled .By  regulation *of  the  discharge  and  the  tail  gate. 
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"When  sand  movement  began,  the  water. discharge  was  kept  constant  for  a  while 
for  movement  to  become  stabilized,  before  measurement-  of'  slope,  depth,  and  rate  1 
of  bed-load  transportation  was  made.    The  flow  was  -next;  increased  a  little  to 
generate  stronger  movement  of  the  bed.    This  procedure  was  continued  until  result 
'•over  a  large  range  in  depth  were  obtained* 


Data  ■  Appearing  .jri  •  Summary  .  ■. .  , 

Because  the  author's  publication  did.  not  include  a  tabulation  of  experiment! 
'measurements,  and  because  the  original  thesis  could  not  be  obtained  due  to  un- 
settled European  conditions,  a  summary  of  data  according  to  the  standard  system  I 
described  on  pages  5  to  7  is- not  possible.  .  ■ 

EXPERIMENTS  BY  E.  IMDBI 


This  series  of  experiments  (16)  was  made  at  the. Royal  Engineering  Institute* 
Padova,  Italy. 

Experimental  Equipment  and  Measurements 

The  experimental  flume  was'  8  meters  long,  and  0.375  meter  wide,  with  side 
walls  artifically  roughened  by..' gluing  sand  of  the  same  size  as  that  forming 
the  bed  to  the  walls.    The  discharge-  wa.s.  measured  by  a  V-notch  weir.    The  depti 
of  the  water  was  determined  by^  moans  of  3  micrometer- .point  gages,  capable  of 
measuring  to  one-tenth  millimeter,  .  located -two -meters  apart.""  "k  'bank  of  piezome 
tubesi  was  also  used  to  determine,  the.  water-^surface.  slope.  '  The-slppe  of  the  flv 
was  adjusted  by  means  of  screw  jacks*  "  •  ■  •  ■  ■..,',[ 

'■"  ■  ■  ■>■  '  '         Material s  '  Test ed  •  ''•-..„'''''''•••••;.. 

Two  sand  .mixtures,  and  two  -gravel  mixtures  were  tested  In  the .  experiments 
(items  225-228,  table  1).    A  summary,  of  the'  physical  properties  .of  the  four 
mixtures  is  shown  in  table  25,  •  and.  the  mechanical,  analysis  •  curves  are  shown 

in  figure  24  •,    '  ;  t  *'*••-.,.  '*  *  *  ;--'\:'.^-"; 

Table  25.— Summary  of  physical  properties  -of  materials'  'tested  .by  E..'"'  Indri 


Mixture 

. Specific 

Mean 

Uniformity 

No. 

gravity 

Size  '  limits- 

diameter 

modulus 

Millimeters 

■Milli-  ' 

meters 

2.63 

0-1 

0.324 

0.690 

2.70  ' 

0-1  . 

.474 

.481 

2.70 

2-3 

m  ■ 

.818 

2.70 

3-5 

4. 

.777 

Figure  34 


#  ■ 

Mixture  1  was  a  Lido  beach  sand  obtained  near  Venice.    Mixture  2.  ivas  sand 
used  in  ordinary  construction  work*    Mixtures  3  and  4  were  obtained  near  Brenta 
and  were  classed  as  very  fine  gravel  and  fine  gravel,  respectively. 

Experimental  Procedure 

Material  was  placed  in  the  experimental  flume  to  a  depth  of  3*5  centimeters. 
The  bed  was'  made  smooth  and  the  flume  then  adjusted  to  the  desired  slope  by 
means  of  screw  jacks.    Water  was  first  let  into  the  flume  so  as  not  to  disturb 
the  bed,  and  then  the  discharge  was  slowly  increased  until  movement  started. 
The  water  surface  was  kept  parallel  to  the  bed  surface  by  manipulation  of  the 
tail  gate.    When  gene  rail  movement  was  reached,  measurements  of  the  depth  and 
slope  were  made  to  determine  the  value  of  the  critical  tractive  force. . .General 
movement  in  these  experiments  was    defined  as  the  condition  .existing  .when  all 
particles,  from  the  smallest  to  the  largest,  were  in  motion. 

The  various  mixtures  were  tested  at  the  following  slopes;       , . 

Mixture  1 — Bed  horizontal,  1*500,  1:333 
Mixture  2. —Bed  horizontal,  Is  500,  1:333,  1:200 
Mixture  3.  —1:200,  1:125,  1:111 
Mixture        1:200,  1:100,  1:80 

'  Data  Appearing,  in  Summary 

Since  these  experiments  were  made  to  determine  the  value  of  the  critical 
tractive  force  of  the  various  materials,  and  give  no  information  on  the  rate 
of  bed-load  transportation,  the  various  experimental  data  have  not  been 
summarized. 


EXPERBiENIS  BY  E.  INDRI 

This  series  of  experiments  on  the  movement  of  large-sized  bed  material  was 
made  at  the  Royal  Engineering  Institute,  Padova,  Italy. 

Experimental  Equipment  and  Measu rements 

One  steel  and  tiro  wooden  tilting  flumes  were  used  in  these  experiments. 
No  mention,  however,  is    made  of  their  dimensions.    A  maximum  discharge  of  150 
liters  per  second  (5.3  c.f.s.)  was  used  inri  was  measured  by  means  of  a  weir.  The 
depth  of  the  water  and  the  position  of  the  water  surface  were  determined  by  mean: 
of  micrometer  point  gages.    The  gages  were  capable  of  measuring  to  one-tenth 
of  a  millimeter]  however,  because  of  the  roughness  of  the  surface,  measurements 
closer  than -one-half  of  a  millimeter  wore  not  possible. 

Materials  Tested 

Four  unigranular  materials  and  two  synthetic  mixtures  were  tested  in  the 
experiments  (items  229-234,  table  1).    A  summary  of  the  physical  properties 
of"  the  6  materials  is  shown  in  table  26,  and  the  mechanical  analysis  curves  are 
shown  in  figure  35  • 
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Table  26. — Summary  of  physical  properties  of  large-sized  bed  material  tested 

by  E.  Indri 


1 

Material 

Specific 

c -i  7,  p  "1  t  nri  +,  s 

Mean' 
' diameter 

Unifontiity 
modulus 

TvTillimet  ers 

'  Milli^  . 

meters 

2.65 

.  15-25 

20  .  ■■• 

0.600 

2  

2.6^ 

25-60 

.715 

2.65 

60-100 

80 

.770 

4  

2.65 

100-150 

125 

.815 

2.65 

10-150 

53.8 

.225 

6  

2.65 

20-150 

53.8 

.280 

The  material  to  be  ts 
surface  made  smooth >  Wai*e 

Experimental  procedure 

sted  was  placed  in  the  experimental  flume  and  the 
»r  was  first  let  into  the  flume -without  disturbing 

the  bed,  and  t! 


discharge  was  slowly  increased  until  movement  started, 


When  general  movement  prevail ed,  measurements  of  the  depth  and  v;ater— surface 
slope  were  made  to  determine  the  critical  tractive  force.    As  in  Indri' s 
previous  experiments,  general  movement  was  defined  as  the  condition  existing  wh 
all"  particles  from  the  smallest  to  the  largest  were  in  motion* 

Data  Appearing  in  Summary 

As  in  the  previous  experiments  by  Indri,  these  tests  were   made  to  determi 
the  value  of  the  critical  tractive  force  of  the  various  materials*    Since  no 
information  was  given  on  the  rate  of  bed-lead  transportation,  the  various 
experimental  data  have  not  been  summarized* 


EXPERIMENTS  BY  H.  NAKAYAMA 


This  series  of  experiments  (26)  wis  made  at  Tokyo  Imperial  University, 
Tokyo,  Japan,  to  ascertain  for  a  portion  of  a  ■self- formed  -channel  the  change  of 
forms  of  cross  section,  the  variation  it  slope  of 


+.1 


rater  surface,  the  volume 


of  sand  carried  along  the  bed,  and  the  relation  between'  the  surface  slope  of 
the  water  course  at  a  given  point  and  the  volume  of  sand  transported. 


Experimental1 Equipment  and 
Measurements 

The  apparatus  shown  in  figure  26  consisted  of  a  32.5-foot  tilting  flume, 
3.94  feet  wide  and  1.97  feet  deep.'  Various  forms  of  inlets  were  tried,  but  the 
greater  part  of  the  experiments  was  conducted  with  the  inlet  shown  in  figure  ■ 
36.    The  sand  in  the  channel  was  molded  to  a  given  form  by  means  of  a  templet 
fastened  to  a  carriage  which  could  be  moved  along  rails  on  the  sides  of  the 


Figure  36 


sjfc.  a- a  Jfc.  a- a 


APPARATUS  OF  NAKAYAMA 


Figure  37 


■ 
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flume.    The  water  discharge  was  determined  by  a  calibrated  valve  located  in  the 
supply  line  leading  from  the  constant-head  tank  to  the  flume  inlet.  Positions 
of  the  water  level  and  the  bed  were  measured  by  means  of  point  gages  located  at 
intervals  along  the  flume.    A  check  on  the  position  of  the  water  surface  was 
afforded  by  means  of  several  differential  oil   g\ages  also  located  at  intervals 
along  the  flume. 

Materials  Tested 

Four  synthetic  sand  mixtures  were  used  in  these  experiments  (items  235-238, 
table  1) .    The  mechanical  analysis  curves  of  the  first  three  of  these  materials 
(sands  A,  B,  -and  C)  are  shown  in  figure  37  #    Sand  D  is  a  mixture  of  equal  portion- 
of  each  of  sands  A,  B,  and  C;  however,  no  mention  is  made  as  to  whether  this 
combination  was  made  on  a  weight  or  a  volume  basis. 

Experimental  Procedure 

The  slope  of  the  flume  was  adjusted  to  a  particular  slope,  and  then  the 
sand  bed  was  molded  to  a  desired  cross  section.    As  to  discharge  of  water,  two 
cases  were  tried,  one  with  a  constant  discharge  and  another  with  a  varying 
discharge.    In  cases  of  constant  discharge,  the  regulating  valve  was  opened 
to  give  the  required  discharge  and  at  the  same  time  the  tail  gate  was  raised 
so  that  the  flow  of  water  would  not  disturb  the  sand  bed.    Next,  the  tail  gate 
•was -lowered  gradually  to  give  the  required  flow  condition.    In  the. case  of 
varying  discharges,  an  automatic  control  device  was  attached  to  the  regulating 
valve  so  that  a  predetermined  hydrograph  would  be  simulated. 

After  every  experiment,  cross  sections  were  measured  at  30-^centimeter 
intervals  along  the  flume.    By  comparing  these  cross  sections  with  the  original 
one,  the  volume  of  sand  scoured  from  the  bed  during  the  experiment  at  each 
section  was  obtained.    In  only  a  few  of  the  experiments  was  sand  fed  into  the 
flume  at  the  upper  end.  .  .  . 

Data  Appearing  in  Summary 

Because  these  experiments  were  primarily  a  study  of  scour  and,  hence, 
were  not  considered  applicable  to  the  general  problem  of  bed-load  transportation 
and  bed  roughness,  the  basic  data  have  not  been  summarized  in  this  compilation 
of  flume  data. 
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BED- LOAD    EXPERIMENTS  OF  G.K.GILBERT 
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(1)  nb=  1486  rb      S  2  where  rb  is  in  feet,  ond  Vm  is  in  feet  per  second. 

(2)  Dry  weight  . 
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(1)  nb=  rb      S       where   rb  is  in  feet,  and   Vm  is  in  feet   per  second. 

vm 

(2)  Dry  weight  . 
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\t)  nb=  -1— —  rb      S       where        is  in  feet  and   Vm  is   in  feet   per  second  . 


(2)  Dry  weight  , 
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0.O7O7 

<D 

-    CO  _ 

30 

O 

o 

5.04 

0.00/63 

25.0 

41.2 

.o 
o 

2.84 

23,331 

0.0134 

208 

O.O  350 

JO 

O  j 

32 

o 

6.65 

0  00/6/ 

24.  o 

47.0 

o 

3.24 

34, 346 

0  0/40 

3/3 

O.09O9 

o 

33 

—  2  — 

7.52 

0.0  0/63 

24-.  & 

48.8 

—  s  — 

3.47 

40,866 

O.O/ 48 

367 

O.Z/99 

-  S  J 

34 

9  09 

0.0  0/66 

24.8 

55.3 

3.6S 

56,226 

O.O  /49 

503 

0./5SO 

(|)  n6=     7.    -  rb      S       where  rb  is  in  feet,  and   Vm  is   in  feet   per  second. 
vm 

(2)  Dry  weight  . 


TABLE  30 

BED-LOAD  EXPERIMENTS  OF  A.L.  JORISSEN  vg 
MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY 


Author's 
references 

Discharge  ,  0 

cubic  centimeters  per  second 

—     Width  of  flume  ,  9 
-  centimeters 

Q 

JZ 

Q.  f 

n 

1 1 

0  c 

1  s 

c 
o 
a> 
5 

(5) 

tfi 

a. 
o 

<D 
D 

O 
O 

(6) 

q.     Water  temperature 
*-*           degrees  centigrade 

Velocity 
centimeters 
per  second 

C     Hydraulic  radius  of  bed , r b 
2  centimeters 

C     Friction  velocity,  V* 
-       centimeters  per  second 

cc 

<B 
A 

E 
2 

o 
c 

a 

a. 
02) 

c 

■a 
« 

c 

"» 
c 
c 
c 

S 

(13) 

"D 

c 
o 

"  2  E 
o  u  — 

?  *  c 

£  *s 

<J  c  . 
.i£  *  w 
-a  "  a 

?1 

3  u 
(14) 

M 

=  a 

1 1  t 

o>  o  z, 
>   o  * 
O    «J  a, 

e  "  .§ 

°  1 

*  CP 

o 

a. 

(15) 

c 

3 

O  | 

is 

E 

a 

Q 

(16) 

Bed 
condition 

(17) 

S  Toble 

ro     Run  no. 

Mean 
Vm 

(8) 

Bottom 

vb 

(9) 

SAND  I 

n 

/ 

60.36 

7.  55 

0 .00/13 

22.2 

40.2 

2.8S 

3 /,348 

0.0/50 

3  04 

0  02903 

Z 

3  .25 

0  00H2 

22.2 

4-4  0 

3. '9 

42,842 

o.Q/55 

4  08 

0. 06000 

3 

—  co  — 

3.65 

a  00//3 

22.2 

49.4 

—    CO  — 

3  .27 

SO,/ 80 

0.0/43 

4  75 

0.06333 

.  w  _ 

4 

o 

/O.S0 

oooz/2 

22,8 

55.7 

a 

O 

3  .40 

62,55/ 

0-0/34 

S86 

0.09667 

o 

5 

■p 

S.  25 

0. 00/67 

20.  5 

34.0 

2  .33 

/dj>30 

0  0/68 

/73 

0.02283 

6 

a) 
> 

7.  OO 

0. 00/67 

205 

423 

a) 
> 

3.33 

23,909 

0-0  /64 

Z37 

0.0  7S00 

-  aJ  - 
> 

-  ^  - 

7 

—  — 
© 

  CQ   

ass 

O.0O/65 

/9.4 

4-4.4 

  tn   

CD 

CO   1 

3  .72 

37,29  1 

0.0/77 

3  So 

0.03467 

CQ 

ffoe/era/c  " 

5 

O 

3.30 

0O0/6S 

/<?.4 

54.  / 

o 

A .  oo 

52,6  tZ 

0.0/6/ 

S3  7 

0.16417 

o 

3 

O 

2.05 

OO0332 

/6.  9 

26  3 

o 

2  58 

S.224 

O0/64- 

S4 

0.03/67 

O 

70 

2.90 

0  O03$l 

/8  <? 

30.4 

3.07 

8,543 

0.0/79 

88 

0.0  6517 

-  2  - 

// 

3.6,0 

O.0OJ33 

/?.4 

37.9 

3  .43 

/  3,4-0  3 

O.0/67 

73  7 

0. 106  67 

rr<,o>a-°/e  -/ 

7Z 

4b0 

0.00333 

/6<f 

454 

3  .88 

20,236 

0  0/64 

Z03 

O.J 56 33 

SAND  n 

TT 

XL 

/a 

/,  JO 

3J'  ° 

2  .87 

29, 87  7 

7  7  SI 
£  /  o 

/4 

7  a  e 

/■  OO 

22  3 

— 

2  .  -I'* 

33  75/ 

3 /S 

0  04283 

fS 

8.  30 

0.00// 3 

23.3 

43.  8 

3.03 

3  9,  302 

— - — 

0.0/46 

3  64 

0.0 5 3  33 

/6 

9  75 

0  00  / /2 

2 3. 3 

56.  2 

ro 

3 .27 

S9, 238 

O.0/26 

5  50 

0.095 83 

-   CQ  - 

/7 

o 

s  SO 

0  00/  /2 

22 8 

S6.  7 

C 
o 

3  3o 

60'03S 

°  °  lZJ 

56  0 

0  IOSOO 

o 

78 

■4 .45 

0  00/68 

20. 0 

36.3 



2 .  /  / 

/6'  /S* — 

—  2 

/  6  / 

00/333 

+J 

/9 

Gj 
> 

6.  20 

0.00/65 

2i.  / 

43. 0 

CO 
> 

3  J7 

27,344 

0.0  /48 

266 

0.069  f  7 

-  esJ  H 
> 

20 

© 

rn 

6  75 

000/67 

2/  6 

47  7 

—  t.  — 

ra 

3-32 

— t  — — 

322 

0.  !  o  S>  o  o 

-  t-.  - 

-  CO  - 

2/ 

.o 

O 

7.  30 

0, 0  0/  6  6 

2/  6 

,a 

3 .45 

38, 0/5 

3  6  6 

1 

_  O  J 

22 

O 

o.  /V 

O. 0  0/ 6  7 

2/  6 

•C'C  a 
J  3 .  o 

o 

3 .64 

4  6t  8  3  6 

00/37 

■452 

01  /6 — 

o 

23 

2.65 

0. 00333 

20.5 

28.2 

2 

2  .94 

7,  548 

0-0/82 

75 

0.0  60O0 

-  2  - 

24 

2  .76 

0.00332 

20  5 

2d.  4 

3  .oo 

7,9 1 '8 

0.0 /86 

78 

O.  O  OJ  oo 

25 

3  90 

0.00331 

— 

38.4 

3 .56 

/5, 1 '27 

0  0/73 

/4$ 

0.  IS 800 

26 

4-  70 

0.00332 

20. 0 

39.4* 

3.91 

t8t  5/  8 

o.o/9o 

/35 

0-/4-433 

l  486       '3  '2 

(I)  n6=  -1         rb      S       where  rb  is  in  feet,  ond   Vm  is   in  feet   per   second  . 


(2)  Dry  weight  . 


TABLE  31 

U.  S.  WATERWAYS   EXPERIMENT  STATION  BED-LOAD  EXPERIMENTS  so 

SAND  I 


Author's 
references 

—    Dischorge  ,  Q 

cubic  centimeters  per  second 

—    Width  of  flume  ,  B 
centimeters 

—    Mean  woter  depth  ,  D 
centimeters 

0>     Water  surfoce   slope  ,  S 

q     Water  temperature 
"          degrees  centigrade 

Velocity 
centimeters 
per  second 

n 

« 

O 

2  * 
*-  E 
-  c 
o 
■o 

I 

(10) 

C     Friction  velocity  ,V* 

centimeters  per  second 

Reynolds    Number  ,  R 

c 

O 
O 
C 

"cp 
c 
c 
c 
0 
2 

(13) 

Unit  dischorge  ,  q b 
^     cubic  centimeters  per  second 
v            per  centimeter 

a 

1  ?  ^ 

j  S  « 
0  i>  a 

E  "  .§ 

xi  a) 
^   a  <» 

o>  0 

°  2 

0 

ac 

(15) 

^     Duration  of  run 
2-  minutes 

Bed 
condition 

(17) 

-O 

o 
t- 

(0 

ro     Run  no. 

Mean 
vm 

(8) 

Bottom 

vb 

(9) 

SAND  1 

// 

/2 

8,127 

73.6 

3.44 

o  00/0 

27.o 

32.08 

3-/6 

/.  76 

//,889 

0  0098 

/0/.4 

.00033 

&l 

J<T7O0/h 

• 

/3 

8,722 

• 

3.60 

- 

32.  90 

3.28 

7.  79 

/  2,67  6 

O.0098 

/07.  9 

.00207 

■45 

• 

/4 

9,854 

3.87 

• 

• 

34.58 

3.5/ 

7.86 

74,25/ 

O.O099 

727.4 

00537 

22 

• 

/S 

ll,/oo 

• 

4.27 

• 

35-30 

3.85 

7.94 

/ 5,9  62 

0  0102 

736.0 

.00744 

20 

♦ 

* 

76 

/Z,3/8 

4.75 

♦ 

35-22 

4.3o 

2 05 

1 '7,7 '6 5 

0.0/1  / 

7574 

.00868 

75 

• 

n 

I3,87S 

5.06 

• 

* 

37.24 

4.53 

2.7/ 

79,797 

0.0  7  08 

768.7 

.0  /364 

/4 

* 

• 

/a 

75,/ Z  7 

5.49 

* 

* 

37.40 

4.9/ 

ZJ9 

Z/,554- 

0.0/74 

783.6 

.078/9 

/S 

• 

/$ 

16,849 

5.70 

* 

* 

40./4 

5.03 

222 

23.679 

O.0/O7 

ZO/.9 

.0  23/5 

/2 

• 

* 

29 

'8, 434 

6.28 

• 

39.86 

5.  55 

2.33 

25,953 

0.0/75 

22/2 

.02274 

/2 

2oca/  giff/es 

* 

21 

20,388 

• 

6.52 

* 

♦ 

42.46 

5.69 

13G 

28,359 

00//0 

24 /.6 

.0359  7 

12 

• 

22 

27,577 

6.92 

* 

42.34 

6.04 

2.43 

30.006 

0  0//5 

255. 7 

.03390 

// 

» 

23 

23361 

• 

7.32 

* 

* 

43.34 

6  36 

250 

32,327 

0.0//6 

Z756 

.03  555 

/0 

• 

* 

24 

26,476 

• 

7.68 

• 

46.81 

C54 

2.53 

35.  937 
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306.  1 

.0553  9 

/0 
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* 

25 

28.3/7 

8  4/ 

■ 

* 

45.72 
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2.66 

38,690 

OOIZO 

3Z96 

.04093 

/2 

* 

26 

23,  733 

887 

45.52 

7 .61 
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o.o/zs 
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.049/9 
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• 

* 

27 
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• 

9  20 

• 

♦ 

46.60 

7  25 

2.  77 

42,944 
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/o 

• 

28 

32,848 
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• 

" 

47. 2 O 

So  3 

2.81 

44,493 
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/o 

* 

* 

29 

35,679 
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* 

43.39 
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.0  8309 

/o 

IZ 

6 
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* 

27. 2 6, 
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/.63 

S~,753 
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60 
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* 

7 

4,  78(, 

Z./6 

* 
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00207 

42 
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Z.59 
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.0066/ 

ZO 

- 

" 
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6  824 

Z.74 
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* 

33-82 

2  56 

7.94 
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86  6 
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25 

• 

* 

/0 

7,561 

3.02 

• 

34-.  OO 

2.8/ 

2.03 

//,  226 

0.0105 

95  5 

.00868 

/8 

* 

II 

8,89/ 

3.29 

* 

3670 

3.05 

2  12 

73, /I6 

0.0/03 

//7.9 

0/447 

2/ 

/.oca/  giff/ej 

• 

'2 

9,57/ 

3.60 

• 

36. 10 

3.33 

2.21 
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00/12. 

720.1 
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20 

• 

* 

13 

/0,33  b 

3.8/ 

* 

36  84 

3.52 

2.28 

/S.235 

00114 
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.0/57/ 

/7 

" 

/4 

//.044 

• 
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3.75 
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0.0116 

/38  9 
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20 

75 
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4.18 

* 

38  27 

ta 

3.84 
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* 

16 
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4.48 

* 

* 
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o 
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2  46 

79,078 
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.030/8 

77 

* 

17 
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* 

4  66 

* 

* 

40.43 

-p 

'4  26 

2.50 

20,206 

0.0117 

772.2 

.03969 

77 

* 

/a 

74895 

* 

4.85 

4/7/ 
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4.40 
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/6 

• 

19 
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• 
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4.55 
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/4 

• 

20 
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♦ 

5.33 

* 

« 
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£3 

o 

4.8/ 

Z66 

24,704 
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16 

21 
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• 

5.S8 

" 

♦ 
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o 

5.  01 

2.7/ 
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001 18 

223  1 

.052 50 

/4 
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22 

/ 9,2  8  4 

* 

5.79 

45-23 

5/9 

2.  76 

27,539 

0.0119 

234.  7 

.05663 

16 

• 

23 

27,  /53 

• 

6.27 

* 

* 

4-6-18 
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2.  86 

30,084 

0.0122 

256  3 

.0  6408 

75 

* 

24 

27, /72 

- 

6.43 

• 

46.82 

573 

2  90 

31.  412 

0.0/23 

268.3 

06986 

12 

• 

25 

23,050 

• 

6  61 

• 

* 
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5  86 

294 

32,692 

0.0/24 

278  4 

.0  76  0  6 

/3 

* 

* 

26 
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* 

6.64 

* 

* 

218.36 

589 

2.94 

33,401 

0.0/22 

284  6 

P8  947 

12 

* 

27 

24  9/9 

6.92 

* 

43.  9o 

6./2 

3.00 

35,709 

0.0/23 

299  3 

.0  979  7 

72 

• 

♦ 

28 

25,542 
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• 

47  84 

6.43 
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3  6,/ 2  8 
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307  6 
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♦ 

29 
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• 
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* 
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* 

♦ 
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7/3 

3  25 

43,59  0 
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/O 
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• 
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/.SS 

/  74 
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6 

3.S40 
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7 
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30 
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30 
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37-82 
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24 
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3.72 
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29 

7S 

/4300 
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2  78 
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.0  70ZO 

29 

Genera/  /2/  f77es 

76 
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45  7/ 
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.0  678  0 

ZO 

77 
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3./2 

26,  743 
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.0  6 40 8 

2b 

/8 

Z0,8/3 

5.73 

4932 

5.19 

3J9 

30,030 

00/26 

256. 0 

.0  9Z&/D 

23 

19 

22.229 

6. 04 

4-9  98 

5.45 

3.27 

31,981 

0.0/29 

272  4 

./OH24 

/7 

20 

24,352 

6.37 

5/. 31 

5.72 

3.35 

34  857 

0,0/28 

296.9 

.73394- 

/O 

21 

27.099 

b.77 

5-4.84 

S  96 

3  42 
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0.0/Z5 

326.8 
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/3 

(1)  nb=  - — —  rb      S       where  rb  is  in  feet,  and  V,,,  is  in  feet  per  second. 

(2)  Dry  weight  , 


TABLE     31  (CONTINUED) 

U.  S.  WATERWAYS    EXPERIMENT  STATION  BED-LOAD  EXPERIMENTS  si 

SANDS  2  AND  3 


Author's 
references 

~    Di9chorge  ,  Q 

cubic  centimeters  per  second 

~    Width  of  flume  ,  B 
—  centimeters 

—  Meon  water  depth  ,  D 

—  centimeters 

Water  surface   slope  ,  S 

Water  temperature 
—          degrees  centigrade 

Velocity 
centimeters 
per  second 

a 

T) 

a 

o 

I  5 

!] 

y  c 

D 
T3 
I 

(10) 

~     Friction  velocity  ,  V 

~        centimeters  per  second 

Reynolds    Number  ,  R 
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0 

(13) 
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c 

a  °-  - 
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■o  0  a 
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12) 

_     Rate  of  bed  movement,  G 
J          grams  per  second  per 
centimeter 

—     Duration  of  run 
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Bed 
condi  tion 
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ro     Run  no. 
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(1)  n,,5  rb      S       where  rj,  is  in  feet,  and  Vm  is  in  feet  per  second  . 

(2)  Dry  weight  . 
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0.0/7O 

2/9.  6 

00/323 

48 

; 

27 

79,235 

9.60 

/6.0 

3/76 

32.oo 

8.  OS 

3.44 

22,930 

0.0228 

255.7 

00/90Z 

30 

4 

28 

23,361 

9.63 

/6.0 

34  41 

33.22 

8.94 

3.63 

Z7.S90 

0  0225 

307.6 

0.02/9/ 

30 

4 

29 

28,3/7 

ZO.39 

/6.I 

38.66 

3749 

9.50 

3.74 

33,0  IZ 

002O9 

367.3 

0.04299 

30 

30 

3S./73 

70.94 

76.2 

4533 

45/1 

9.  74 

3.  79 

39,943 

0.0/79 

443.5 

OJ2402 

3o 

/.orqc  M'fY/es 

4 

31 

■4(238 

77-43 

16.4- 

SI.  20 

48.46 

$.94 

382 

46,  '81 

0.0/62 

S08.9 

0/2691 

3o 

4 

22 

19 

4,/06 

70.  S 

2.0I 

aoozo 

75.3 

28.97 

7.92 

7.94 

4,062 

0.0/// 

3S.  6 

0,00083 

60 

Smooth 

2o 

■4.8/4 

2.  23 

/?  3 

30.62 

2/2 

2.04 

5,684 

00/// 

<64.  9 

0.0  OS 3  7 

S3 

• 

21 

3,267 

2.38 

7S.3 

3/33 

33.53 

2.26 

2.7/ 

6,2/5 

O.OZ/4 

70.  9 

000868 

35 

4 

22 

6,4oO 

2  7/ 

4 

/S.3 

33.50 

3749 

2.56 

234 

7,525 

0  0//6 

358 

0.01778 

20 

/.oca/  /PrftVej 

24. 

9,061 

S.39 

75.3 

23.84 

/S.  S3 

5.22 

32o 

70.896 

ooz<z$ 

/Z4.4 

O.0033I 

60 

Genera/  /er/f/es 

25 

/OJ94 

S.9I 

754 

2447 

22.86 

3.7/ 

335 

12.358 

0.O272 

739.7 

0.0/778 

35 

26 

73, 224 

4 

6.64 

/5  6 

28.25 

21.95 

6.36 

3.S3 

75,  945 

0.02S2 

7797 

0.0ZO67 

30 

27 

16,849 

7.3S 

IS.  6 

3Z.52 

24.69 

6.96 

3.69 

20, 072 

0.0232 

226.3 

O03/ 83 

30 

28 

20,303 

♦ 

8.0Z 

/S.6 

33.3/ 

27-/3 

7.  S3 

384 

23. 98o 

O.02Z2 

270.4 

O.OS6Z2 

30 

4 

29 

24069 

4 

8.7S 

4 

7S.6 

39.  oz 

28.35 

8./ 4 

4oo 

28, 186 

0.02/6 

3/7-6 

O.OS9/7 

30 

4 

(1)  nb 

1.486,  2/3 
*  ~v —  b 

'/2 

S       where  r b 

is  in  fe 

et,  and  Vm  is  in  feet  per 

second . 

(2)  Dry  weight  . 
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SANDS  4,5  AND  6 


Author's 
references 

second 

Q 

10 
0 

•a 

Velocity 
centimeters 
per  second 

a 

T> 
V 

a 

;cond 

a. 

c 

■  second 

¥  -a 

Q 

eters  per 

ume  ,  B 
eters 

depth  , 
eters 

ice  slop 

eroture 
centigrc 

0 

locity  ,  V 
rs  per  si 

a 

e 

n  of  bei 

■°a  » 
CT  „  » 
-  2  E 

a,  q,  ._ 
?  «  | 

d  movem 
er  secon 
itimeter 

c 

3 

Bed 
cond  i  t  ion 

Toble 

b 
c 

c 

Discharge  , 
cubic  centim 

Width  of  fl 
centim 

Meon  water 
centim 

Water  surfi 

Water  temp 
degrees 

Mean 

vm 

Bottom 

vb 

Hydraulic  r< 
centim 

Friction  ve 
centimete 

Reynolds  1 

Monning's 

Unit  discho 
cubic  centirr 
per  c< 

Rote  of  be 
groms  p 
cer 

Duration  o1 
minute 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(II) 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

SAND 

4-  (CONTINUED) 

22 

30 

23,76/ 

70.5 

9.11 

0.  0020 

15.7 

46.34 

32.00 

8.29 

4.03 

34,/ 70 

o.o/ez 

384  2 

0.20504 

31 

Gcne/a/  /?iff/cs 

3/ 

35,396 

" 

930 

16  0 

S3.  99 

36.27 

8.24 

4-.OZ 

39,  880 

0.0 15C 

444.9 

O.Z4307 

20 

32 

/0.49 

/6.0 

56.29 

53.04 

9.22 

4.25 

46,547 

00162 

SI  9.  0 

0.33691 

/6 

„ 

SAND 

5 

23 

22 

7,9oo 

70S 

3.6  6 

0. 00/0 

15.3 

30.62 

37.49 

3.36 

/  82 

%2I6 

0.0/08 

loZ.  9 

0. 00289 

45 

Smooth 

23 

3,033 

• 

3.99 

♦ 

16.0 

32.  // 

3749 

3.  65 

1.89 

lo,497 

0.0109 

H7  2 

0. 004S5 

40 

local  fo///eJ 

29 

20,671 

• 

10.27 

• 

16.0 

28.55 

2652 

9.51 

3  05 

24.351 

O.OZ30 

271.5 

0. 00041 

60 

General  fiff/es 

* 

30 

23,5  03 

» 

1  I.Ob 

• 

16.1 

30./4 

27.74 

/0.I8 

3.  16 

27,567 

0.0ZZ9 

306.8 

O.002O7 

30 

* 

31 

28,572 

* 

12.  28 

16.1 

33.00 

30./ 8 

II.  17 

331 

33,  104 

O.0ZZ3 

368.6 

0.00827 

60 

♦ 

32 

34666 

13.59 

* 

16.2 

36.20 

33.53 

12/6 

3.45 

39,650 

0.0214 

440.2 

0.0/488 

30 

* 

33 

39.644 

* 

/4.7S 

* 

16.2 

38/2 

31.39 

/3  OB  1 

3  58 

44,  906 

0.0214 

498  6 

0.02356 

Z5 

„ 

* 

34 

4^43/ 

* 

1591 

• 

16.0 

39.6/ 

39.01 

/3.79 

3  68 

48,996 

0.0/99 

544,2 

0. 04754 

30 

* 

35 

5 1,452 

* 

76.76 

• 

16.0 

43.55 

42.67 

7444 

3  76 

56,381 

0.0/99 

628.9 

0.0553  9 

30 

* 

36 

58,  87/ 

* 

/7.04 

* 

160 

49.01 

44  SO 

/4.Z2 

3.  73 

62,487 

0.0/75 

696.9 

O.l 2484 

20 

* 

24 

/5 

•3.993 

70.5 

2/6 

0.00/5 

15  8 

26.22 

2.  Oh 

1.74 

4,823 

0.0  l/l 

S4.  0 

0.00/24 

60 

Ssnoof/l 

* 

16 

5,040 

2.44 

/5.8 

29.30 

2.30 

1.84 

60ZO 

0.0107 

67.4 

0.0  049b 

30 

17 

6,/ 73 

2  80 

* 

/5.8 

31.27 

2.63 

1.57 

7,343 

0.0 110 

82.Z 

0.00827 

30 

♦ 

18 

7,OZ3 

3.0& 

• 

158 

32.34 

2  88 

Z.Ob 

8,307 

0.01/3 

93.1 

00 1158 

30 

Local  Xiff/es 

22 

Z5./78 

7.92 

75.5 

27.18 

2&  52 

7.  S3 

3.33 

18,  H8 

0.0  Z5 5 

204.7 

O.0066/ 

60 

General  ftf//c5 

23 

18,0/ O 

8.72 

75.5 

29.30 

33.53 

8.23 

3.48 

2(35/ 

0025O 

241.1 

OO  1447 

45 

24 

22,653 

9.85 

/S5 

32  62 

33.53 

9.  /9 

3.68 

26,553 

0.0242 

299.8 

O.OZZ32 

3o 

• 

25 

27,467 

I079 

/5.5 

36. 1/ 

34  44 

9  96 

3.83 

31,869 

O.0Z3Z 

3597 

O03597 

30 

« 

26 

33.272 

//83 

t 

15.5 

39.  89 

3353 

/0  77 

3.98 

3$,  03  9 

O.OZ20 

42J  6 

0,03803 

30 

* 

27 

39,36,0 

12.68 

* 

/5.6 

4403 

36.27 

//35 

409 

44  346 

00205 

499.  7 

006904 

30 

28 

46,723 

Z3.59 

/S.8 

48.  77 

42.98 

//.95 

4.19 

52040 

OO/93 

582.8 

O  1037 Z 

30 

25 

/7 

3,  625" 

70.5 

1.86 

0. 0020 

I5.(> 

27.  64 

390I 

/.  78 

1.87 

4373 

O.0//O 

49.2 

0.00041 

60 

Smooth 

* 

/8 

4,2/9 

2.01 

15.6 

29.77 

41.15 

I.  92 

I.  94 

S.072 

O.0/O9 

57.2 

0.00/Z4 

70 

/9 

487o 

2  26 

15.8 

30.S7 

4420 

2/5 

205 

5.857 

0.0//Z 

65.7 

0.004/3 

60 

. 

♦ 

2/ 

S,769 

5.76 

/6.0 

24. on 

25.91 

5.57 

3  31 

12,  O/ 7 

0QZ7I 

I34.0 

O.OOZ  65 

58 

General  jfi///es 

22 

Z2.799 

6.77 

/6.0 

26.82 

32.O0 

£..50 

3.57 

15.  630 

00Z69 

174.3 

000951 
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23 

/S,433 

7.62 

/6.I 

28.73 

39.01 

7.28 

3.78 

18,  797 

0.0270 

209.7 

O.OIS77 

30 

24 

79,255 

8  26 

I6.Z 

33.07 

32.31 

7.8/ 

3.9/ 

23.2C5 
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23,220 
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16.3 

36.  SI 
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4  07 

27,901 
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O.04Z99 

30 
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28,034 

9  38 
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40.25 
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4.24 
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O.0Z26 
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0.06325 
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* 
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/O  79 

* 

/65 
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440 
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0.0ZI7 

437.7 

OJ/3Z7 

3o 

28 

39.927 
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5 
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0.00/0 
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00239 
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O.0O/24 
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7.oi 
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00 02 48 
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/5,97/ 
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2534 

8.O6 

281 

19,327 

00233 

204. 2 

0.00O83 

60 

8 

/0.49/ 

942 

266  b 

8.8Z 

294 

22, 256 

0.0236 

235.1 

0.00248 

63 

9 

20,898 

/o.  00 

28.38 

9. 3o 

3  02 

24  975 

0.0229 

263  9 

O.0O37Z 

36, 

/o 

23,588 

/o.  79 

29.69 

9.98 

3/3 

29022 

00ZZ8 

296.3 

OOOZ07 

44 

// 

26,533 

//  4C 

* 

31.  44 

/a  53 
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31,324 

0.0224 

331  / 

0.0O33 1 

3o 

/2 

29,  6/9 

//■92 

33.  74 

/0.83 

3  26 

34  580 

O.OZ/Z 

365.4 

0.00620 
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'3 

31.656 

/2  44 

34  77 

/IZ6 

3  32 

37,027 

0.02/Z 

391-5 

0.00661 

30 

14 

34.462 

/3./I 

35.7o 

rn 

11.82 

340 

39.5/2 

002/4 

422.  0 

0O0868 

30 

/5 

3709S 

73.53 

♦ 

37.23 
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O 

12/ / 

3.45 

42,665 

00208 

450.9 

001075 

Jo 

It, 

38,822 

Z4.39 

3  6  64 

-P 

12.92 

3.56 

44,776 

0.022/ 

473.4 

00/571 

30 

* 

17 

4(937 

Z4.97 

38.04 

—   O  — ' 
> 

13.34 

3.62 

48,002 

0.02/6 

507.5 

0.0/S3O 

30 

18 

443/6 

/<Z  OO 

37  61 

—   U  — 
CD 

.  CO 

14.30 

3.74 

50,896 

0.0231 

5378 

0.0 1 40  to 

30 

27 

8 

9,260 

73.  6 

S  73 

0. 00/S 

20  0 

2/  9S 

O   

553 

2  85 

12,136 

0.0ZS6 

72/4 

0.0OO83 

S9 

Genera/  ftWes 

9 

/O,  024 

6  22 

21.88 

O 

6  00 

2.  97 

13, 132 

0.0 27 O 

131.  3 

000083 

47 

/O 

//,89-3 

6  86 

r 

23  54 

6.59 

3.  II 

15,520 

0.0270 

/SS.I 

0  00041 

7S 

// 

73,224 

7.  /o 

20.9 

25.29 

6.79 

3  16 

Z7,I82 

0.0Z55 

/7I.  7 

0.00207 

S/ 

/2 

75,939 

7.  89 

20.0 

27.54 

7.51 
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21,  096 

0.0252 

206.6 

0.0OZO7 

65 

/3 

/9,OS  7 

872 

29.68 

6.24 

3.48 

24,961 

0  0248 

244.6 

O.OO  6  ZO 

40 

/4 

22, 738 

» 

9.4-8 

# 

32.57 

8.88 

3.61 

29,499 

0.0237 

289.2 

0.008(68 

44 

1 

/S 

26,6/8 

/0  24 

* 

35-30 

9  5/ 

3.74 

34,245 

0.0228 

335.7 

0.01 /SB 

27 

16 

30,299 

//.  /3 

* 

36.97 

/028 

3  89 

38,773 

0.0231 

380.1 

OO  1406 

■3+ 

/7 

33,4/4 

//.46 

* 

39.59 

I049 

3.93 

42,369 

O.OZ/8 

415.3 

0.028/  / 

34 

'8 

35,  764 

/2.I6 

3  9  94 

11.12 

4  04 

45,3  03 

0O2Z4 

444/ 

0026,04 

S2 

'9 

38./7Z 

72.59 

* 

4/  '7 

7/46 

411 

48, 137 

O.OZZZ 

47/  8 

003S/4 

27 

(|)  nb=    '        rb      S       where  rb  is  in  feet,  ond   Vm  is  in  feet   per   second  . 


(2)  Dry  weight  . 
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(10) 
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c 
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0 

(13) 
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O 

JO"  B 
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U*  9  q 

"5  0  a 

?i 

(14) 
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ui          grams  per  second  per 
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(17) 

» 

a 
1— 

(0 

ro     Run  no. 
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vm 

(8) 
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vb 

(9) 

SAND       6  (CONTINUED) 

27 

20 

39,64-4 

73.6 

72.38 

o.oo/s 

ZOO 

41.48 

//  so 

4.17 

49,  9S4 

O.0ZZ5 

489.  S 

0. 03762 

34 

Zl 

4-2,473 

/3.SS> 

* 

42.44 

/2  32 

426 

S3, 340 

O.0Z27 

S22.^ 

o.  02852 

38 

22 

46.S8I 

74.  2  O 

r 

44.  SS 

/2.7  b 

4.33 

57,9  88 

O.022O 

fig.  5 

0.044&5 

40 

28 

6 

5947 

73.6 

3.6  6 
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23o 

22. o, 

3.SS 
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8,434- 
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O0O33/ 

30 
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23.  SS 
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0.0238 
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OO0289 

39 

8 

9577 

S.33 

24  38 

S./6 

3.18 
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O.0ZS4- 
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0.00331 
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6.3/ 

25.59 

CO 

—  c  — I 

6.09 
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/4,44Z 

7.28 
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3.7/ 
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0.00661 

33 

u 

76,  3  11 
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3.81 

22,83/ 

0.0  Z76 

Z/2.4- 
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78,7/7 
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u 

7.  75 
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0.0Z6Z 
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2/,0// 
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33  S7 

—  <D  — 

CO 

—  .O  — 
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3.98 
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0.0/90Z 

30 
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O.0Z46 

3348 
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28,3/7 

ZOO  9 
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0.0  243 

359.8 
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♦ 

/7 

37,573 

ZO.-4S 

4/.  03 

9.  70 

4.36 

42,  804 

0.0230 

398. 0 

O.03638 

30 

/8 

34  632 

/0.88 

■43  Z  3 

/004 

4.44 

46, 656 

O.0ZZ3 

434.0 

0.05498 

30 

/9 

37.095 

//./9 

4502 

/OZ6 

449 

49,682 

0.02/7 

461.  9 

O.07SZ4 

30 

20 

38,709 

77 37 

46.23 

/040 

4.S2 

SI,  69 8 

0  02/5 

480.  8 

O.06077 

30 

21 

4/,//6 

//.  73 

47.60 

/0.69 

4.58 

34, 694 

O02/2 

S08.  8 

O.087ZZ 

3o 

SAND  7 

9Q 

o 

S  833 

73  6 

2  90 

o.  oo/o 

27.0 

27.3/ 

Z.  70 

/.  63 

8  6  67 

00/04 

73.  7 
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6  o 

Smooth 

7/36 

?  la 

J.  JO 

— *— 

28  6  7 

3.  74 

/.  75 

10,573 

90. 0 

0  0  024Q 
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0.00083 

53 

17 

8,070 

S./8 

2/./b 

5.04 

3.14 

12527 

OO291 

/06.  6 

000248 

25 

/8 

9,345 

5.76 

22.03 

SbO 

331 

14,477 
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(,)  nt=  1  466  rb    3S   2  where  rb  is  in  feet,  and   Vm  is  in  feet   per  second. 


(2)  Dry  weight  . 
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U.  S.  WATERWAYS   EXPERIMENT  STATION  BED-LOAD  EXPERIMENTS 

SANDS  8  AND  9 
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~  centimeter 

«=     Duration  of  run 
91  minutes 

Bed 
condition 

(17) 

° 

(1) 

g 

c 
QL 

(2) 

Mean 
Vm 

(8) 

Bottom 

vb 

(9) 

SAND  8 

32 

/s 

3,964- 

7o.5 

2.29 
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(1)  nb=  "T7 — rb     S      where  rj,  is  in  feet,  and  Vm  is  in  feet  per  second. 

vm 

(2)  Dry  weight. 
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(t)  n„«   rb      S       where  rD  is  in  feet,  and  Vm  is  in  feet  per  second  . 

(2)  Dry  weight  . 
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(1)  nb,  1486  rb   3S  2  where  rb  is  in  feet,  and  Vm  is  in  feet  per  second. 

(2)  Dry  weight  . 
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(2)  Dry  weight. 
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(2)  Dry  weight  . 
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(1)  n„»  - — —  rb      S       where  rb  is  in  feet,  and  Vm  is  in  feet  per  second  . 

(2)  Dry  Weight. 
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(l)  nb=  rb      S       where  rb  is  in  feet,  and  Vm  is  in  feef  per  sscond . 


(2)  Dry  weight  . 
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(1)  nb«    '        rb      S       where  rD  is  in  feet,  ond  Vm  is  in  feet  per  second  . 

(2)  Dry  »r«igh1  . 
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(2)  Dry  weight  . 
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(2)  Dry  weight  . 
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1  4  dc      */3  V2 

(l)  nb»  rb     S       where  rb  is  in  feet,  and  Vm  is  in  feef  per  second. 


(2)  Dry  weight  . 
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(l)  nb>  1486  rb   3S  2  where  rb  li  In  feet,  and  Vm  it  in  feet  per  second. 


(2)  Dry  weight  . 
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(I)  n  1  1486  rb   *S  2  where  rj,  is  in  feet,  and  Vm  is  in  feet  per  second. 


(2)  Dry  weioht  . 
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(1)  n6=  rb      S       where        is  in  feet,  and   Vm  is   in  feet   per  second. 

(2)  Dry  weight  . 
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(1)  nb»  rb      S       where  rD  is  in  feet,  and  Vm  is  in  feet  per  second  . 

(2)  Dry  weight  . 
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S.b/ 
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22.S 

67.0b 
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S./8 

5.ZI 
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0.0/57 
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Z4 

* 

/O 
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0.0  OS/ 0 

69-49 

55.76 

SSS 

5. 27 

4o,67b 

0.0/SO 

385.7 

0. 03/42 

22 

(l)  0to«  UzSLSrb  S  where  rb  is  in  feet,  and  Vm  is  in  feet  per  eecond  . 
fe)  Dry  w«iflht  . 
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£.  0 
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5  3 
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o  c 
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c 
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(5) 

U) 

0 

a. 
0 

D 

<rt 

0 
0 

s 

(6) 

Water  temperature 
—          degrees  centigrade 

Velocity 
centimeters 
per  second 

TJ 

0 

2  i 

TJ 

2  E 

■5  2 

T) 
I 

(10) 

C     Friction  velocity,  V 

^        centimeters  per  second 

Reynolds    Number  ,  R 

TJ 
0) 
£> 

O 

c 

c 
c 
0 
5 

(13) 

^     Unit  discharge  ,  q b 
£     cubic  centimeters  per  second 
per  centimeter 

OJ 

£  °- 

1 1 1 

0  <t>  to 

£  "  .§ 

t)    9  t 

°  1 

D 

rr 

(15) 

—     Duration  of  run 
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Bed 
condition 

(17) 

Q> 
CP 
O 
Q. 

(i) 

£ 
01 

(2) 
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vm 

(8) 
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vb 

(9) 

MATERIAL  1L  (continued) 

/7v 

// 

36,897 

S/9Z 

£.43 

O.OOSOO 

225 

£9.49 

57.9/ 

5.fl 

5.38 

43.S73 

0.0  IS5 

4/0.  7 

0. 03654 

25 

'Z 

40,378 

a.  do 

0.  oosoo 

7265 

59.44 

&.I6 

S.So 

41,fbS 

00 15/ 

448.8 

O.O  49/ 2 

225 

'3 

43,325 

7.  07 

000S0O 

* 

74.68 

il.57 

6-40 

5.6o 

•50,6-02 

0. 0/S2 

4  78.o 

0./OS4I 

28 

/4 

47,204 

7.4/ 

0.  O0460 

77.72 

i3.09 

C.56 

"5.45 

5^264 

0.0/4Z 

S//.4 

0./333/ 

23 

/S 

49,534 

7.6Z 

0.00480 

* 

79.55 

66. /4 

6.80 

5.66 

5~7,335 

0.O/45 

5409 

0/7238 

23 

77v 

3 

ZO,9oZ 

81.97 

2.  S3 

0.0/000 

24S 

52.73 

38.7/ 

2.44 

48  9 

74,3oo 

O.O/S? 

128.  7 

0 0O 0  62 

20 

4  1 

//,b  to 

2.53 

0.0/000 

56.08 

4420 

2.44 

4.89 

/5,2oa 

0.0 /So 

136.8 

O.0OO99 

25 

9 

S 

'3.  OS4 

277 

0.0/000 

57.30 

46.33 

2.65 

5.io 

/6,9o3 

0  o/ss 

IS/.  8 

0.OOZ36 

21 

6 

73,507 

2.83 

0.0  /00c 

58.22 

47.55 

2.71 

S./6 

/7,S7o 

0.0 /ss 

/S7.8 

O.O 0434 

20 

7 

74,045 

2.9b 

0.0/000 

57.91 

48.46 

2.64 

5-28 

/8,262 

0.0/60 

/&4S 

O.OOS04 

22 

6 

75,231 

3.05 

0.0/000 

6/.  76, 

49.38 

Z.f3 

5.36 

l?,?38 

0. 0/55 

179.5 

O.0I48O 

20 

9 

'6,  064 

J./4 

0.00970 

62.48 

50.  i>0 

2  9? 

S.33 

20,  75? 

O.O/ 52 

I8i.& 

0.03O2Z 

20 

/o 

'7,07S 

3  35 

0.0/000 

62./ 8 

57-82 

5  20 

5-60 

22/33 

O.O/ '62 

199  0 

O.O 4754 

20 

Zoco/  W/eJ 

// 

'7.2/7 

3  32 

0. 0/000 

6  3. 09 

53.04 

J.  17 

SS6 

22,246 

O.O/59 

200.0 

O  05498 

22 

72 

'8,  O'O 

3.44 

0. 0/000 

63.  70 

5425 

3.Z1 

5.68 

23,326 

0.0/6/ 

20?& 

0.O6Z83 

20 

'3 

'9J93 

3.57 

O.OIOO0 

65.53 

S5.78 

3.38 

5.76 

24  6S9 

OOI60 

227.5 

0./O376 

25 

2oco/  &  ff/Cl 
Jcour/f19 

74 

'9.539 

3.47 

00/000 

68.58 

56.69 

3.29 

S.68 

25,773 

OO/SO 

225.  6 

0./O9Z2 

20 

OcM/a'  fa  ff/el 

/5 

20.303 

3  78 

0.0/000 

C5.23 

57.6/ 

3  CO 

5.94 

Z6,  099 

O.0/67 

234.8 

OJ364Z 

2o 

/6 

2/.40S 

3.96, 

0.0/000 

65.84 

57.9/ 

3.  78 

6  09 

27,684 

00/7/ 

248.? 

OJ9884 

20 

Genero/  tf////es 

MATERIAL  TL 

77w 

4 

/8,OU 

8/92 

5.4-9 

O.OO/iS 

26  5 

40.  23 

32  00 

5  00 

2  84 

23,  33/ 

0.0/ 35 

Zo/.  Z 

0.0004/ 

30 

^Smoo"? 

- 

S 

'9,  70} 

• 

5.  79 

0.O0 /70 

41.45 

33.53 

5.27 

2  96 

25,  3S6 

O.O /4o 

2/8.4 

O.00/Z4 

30 

6 

ZJ,  662 
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ojOo/95 

43.  Z8 

33 f  3 

S.58 

3.27 

28,  006 

0.O/49 
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0.00/06 

20 

' 

7 

23,  843 
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• 

45.72 

35.6  6 

S.76 

3.Z3 

30,536 

O.  0/4O 

263.  3 
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20 

■ 

8 

25,230 

6.  68 
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3&.S8 

6.0/ 
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0.0/4/ 

Z7&.6 

0.00740 

20 

9 

27,439 

698 

0.00/9  0 

47.85 
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6.25 

3.4/ 

34,  683 

O.0/44 
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0.O/S05 

23 

t 
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29,306 

7.22 

0.OO/90 
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3/9.4 
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O.O/ 62 

j^s.a 
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O.OO250 

46.33 

38. /o 

476 

3.42 

25,8S7 
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ZO 

(1)  nb=  rb      S       where  rb  is  in  feet,  ond   Vm  is  in  feet   per  second. 

vm 

(2)  Dry  weight  . 
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(l)  nb  =  rb      S       wnere  rb  is  in  feet,  and  Vm  is  in  feet  per  second. 


(2)  Dry  weight  . 
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(1)  n  s  1486  rb      S       where  r0  is  in  feet,  and   Vm  is  in  feet   per  second. 

(2)  Dry  weight  . 
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(I)  nb=  rb      S       where  rb  is  in  feet,  and   Vm  is  in  feet   per   second  . 


(2)  Dry  weight  . 
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(1)  nh=  rb      S       where  rj,  is  in  feet,  and  Vm  is  in  feet   per  second  . 

(2)  Dry  weight  . 
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(1)  nb=  L±52  rb      s       where  rb  is  in  feet,  and  Vm  is  in  feet  per  secona  . 

(2)  Dry  weight  . 
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(1)  nb=   rb      S       where  rb  is  in  feet,  and  Vm  is  in  feet  per  second. 

(2)  Dry  weight  . 
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n0=  —  rb  S  where  rb  is  in  reet,  and  Vm  is  in  feet  per  second  . 
(2)  Dry  weight  . 
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